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Abstract

Cutaneous mechanoreceptors are responsible for our ability to distinguish between
different touch modalities and experience the physical world around us. Mechanoreceptors
are innervated by afferent mechanosensitive neurons that transduce mechanical stimuli into
action potentials and terminate in specialized end organs. The Pacinian corpuscle (PC) has
been studied more than any of our other mechanoreceptors due to its large size and ease of
identification during dissection. The PC, which is found primarily within the dermis of
glabrous skin, responds to low-amplitude, high-frequency vibrations in the 20-1000 Hz
range. The PC functions as a bandpass filter to vibrations, an effect attributed to the
structural and mechanical complexity of its end organ. The PC contains a central
mechanosensitive nerve fiber (neurite) that is encapsulated by alternating layers of flat,
epithelial-type cells (lamellae) and fluid. The overarching goal of this thesis was to unify
the anatomical and electrophysiological observations of the PC via a detailed mechanistic
model of PC response to mechanical stimulation, requiring a multiphysics, multiscale
approach. First, we developed a multiscale finite-element mechanical model to simulate
the equilibrium response of the PC to indentation while accounting for the layered,
anisotropic structure of the PC and its deep location within the skin. Next, we developed a
three-stage finite-element model of the PC’s mechanical and neural responses to a
vibratory input that accounted for the lamellar mechanics and neurite electrochemistry.
This mechano-neural model was able to simulate the PC’s band-pass filtration of vibratory
stimuli and rapid adaptation to sustained mechanical stimuli. We then used this model to
evaluate the relationship between the PC’s material and geometric parameters and its
response to vibration and developed dimensionless expressions for the relationship

vii



between these parameters and peak frequency or bandwidth. We then embedded multiple
mechano-neural PC models within a finite-element model of human skin to simulate the
mechanical and neural behavior of a PC cluster in vivo. We then performed a literature
search to compile the structural parameters of PCs from various species and used our
mechano-neural model to simulate the frequency response across species. Finally, we
isolated PCs from human cadaveric hands and performed micropipette aspiration
experiments to determine an apparent Young’s modulus of the PC. The computational and
experimental work performed in this thesis contribute to the understanding of the
fundamental behavior of mechanoreceptors, which is a necessary first step towards the

development of haptic feedback-enabled devices.
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CHAPTER 1: INTRODUCTION

1.1  Somatosensation and mechanoreceptors

Touch is essential to our everyday lives. Every physical action performed during a
typical day, from simple tasks such as holding a glass of water to a surgeon’s dexterous
manipulation of tools, requires sensory feedback for successful completion. The sense of
touch is mediated by our somatosensory system, which responds to a myriad of mechanical
cues from our external world. Mechanoreceptors are responsible for our ability to
distinguish between different touch modalities and feel the physical world around us.

Cutaneous mechanoreceptors are sensory neurons that detect a wide range of
mechanical stimuli and relay the sensory information about a stimulus from the peripheral
nervous system to the somatosensory cortex of the brain via the spinal cord [1]. There are
four main types of cutaneous mechanoreceptors that innervate the glabrous (non-hairy)
skin, among other regions: Merkel cells, Meissner corpuscles, Ruffini corpuscles, and
Pacinian corpuscles (Figure 1.1). These mechanoreceptors are specialized to respond to
different mechanical stimuli such as pressure, skin stretch, and vibration, but they can also
work in concert to convey a population response about a natural, complex skin stimulus
[2-5].

Cutaneous mechanoreceptors are innervated by afferent sensory neurons called
low-threshold mechanoreceptors (LTMRs) that respond to non-painful mechanical stimuli
[1]. These afferents have cell bodies located in the dorsal root ganglia or cranial sensory
ganglia [1]. Merkle cells and Ruffini corpuscles are innervated by slowly adapting afferents
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of types I and II, respectively, which respond during the sustained portion of a constant
skin pressure and have small receptive fields [6—8]. Meissner corpuscles and Pacinian
corpuscles are innervated by rapidly adapting types I and II afferents (the latter of which is
often referred to as a Pacinian afferent), which exhibit a response to changes in stimulus
pressure (i.e. velocity, acceleration) and have large receptive fields [6—8]. While the
innervating sensory neuron plays a role in determining the mechanical specialization of
each cutaneous mechanoreceptor, the morphology of the tissue surrounding the neuron is
also an important factor. A combination of structural, mechanical, and neurophysiological
experiments on mechanoreceptors has suggested that the non-neuronal adventitial tissue of
the receptor’s end organ surrounding the afferent neuron may play an active role in the
coupling between skin and the afferent and may be necessary for the receptor’s specialized
response to mechanical stimuli [9-11]. The study of any mechanoreceptor must therefore
combine the electrophysiology of the afferent neuron with the structural and mechanical

properties of its encapsulating end organ.

1.2  Pacinian corpuscles

The Pacinian corpuscle (PC; Figure 1.1C), on which this work focuses, was first
identified in human fingers by Vater in 1741 [12,13] and was later described by Pacini, the
receptor’s namesake, in 1835 and 1840 [14,15]. Since then, the PC has been studied more
than any of the other mechanoreceptors due to its large size (up to 3-4 mm in human skin
[16]) and ease of identification during dissection [17]. The PC is the cutaneous
mechanoreceptor responsible for the sensation of low-amplitude, high-frequency
vibrations in the 20-1000 Hz range [18—22]. The PC has low spatial sensitivity across the

surface of the skin, and the receptive field of a single PC may span an entire hand [2]. The
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PC functions as a bandpass filter to vibrations, an effect attributed to its complex end organ
[23,24]. For this reason, the structural and chemical properties of the end organ have been
the subject of many experimental [25-27] and computational [10,23,24,28-33] studies.

PCs are distributed throughout the dermis and subcutaneous tissue of the fingers
and palms of the human [17] and non-human [34] hand/forefoot, among other anatomical
locations. The PC has an ellipsoidal shape with a typical long-axis length range of 1-4 mm
in human digital PCs [16,17] and 1 mm for PCs from cat mesentery [35], with the short
axis reported as approximately 66% of the long axis in the cat [35]. PC shape and size can
vary depending on anatomical location within an individual [16,17], and PCs can also vary
in size within a single section of skin or cluster (Figure 1.2).
1.2.1 PC inner structure

The inner structure of the PC is highly specialized to allow response to skin motion
within its frequency sensitivity range. A central afferent sensory neuron (neurite) runs
along the long-axis of the PC and is enclosed by an inner core, which is itself encapsulated
by an outer core [36]. The inner core and outer core are separated by an intermediate growth
zone that varies with age and contains cells that eventually become incorporated into the
inner or outer core [36]. The outer core is enclosed by an external capsule [36]. The neurite
and inner and outer cores are the three main structural regions of the PC and will be
discussed in detail in the subsequent paragraphs.
1.2.1.1 Neurite

The PC’s neurite runs along the long axis of the receptor. The neurite is an AP fiber
and is classified as a rapidly-adapting type II afferent based on the dynamics of its response

to indentation. The neurite contains a node of Ranvier approximately 50 um proximal to
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the neurite’s point of entry into the PC capsule [35]. The neurite is myelinated outside of
the capsule [35]. The neurite becomes narrower and loses its myelin sheath inside the
capsule and ends in a small terminal bulb of approximately 8-12 um diameter [35].
Receptor potentials [37] and action potentials [38] can be recorded on the neurite just
outside of the PC capsule in response to vibration. Previous studies have also recorded
potentials at the first node of Ranvier inside of the capsule [35,39], but many have debated
whether or not the neurite can support action potentials. Identification of voltage-gated
sodium channels on the neurite (and non-neural cells of the surrounding capsule) by
Pawson et al. [40] confirms the ability of neurite to support action potentials [41] and also
suggests that these voltage-gated channels may play a role in mechanotransduction.

In addition to voltage-gated channels, the PC neurite also contains nonvoltage-
gated ion channels that are stretch-activated and selectively permeable to sodium [42].
These stretch-gated channels enable the central neurite to be the site of
mechanotransduction within the PC. When the surface of the skin is deformed, this
deformation propagates to the dermis, where it reaches the PC’s external capsule. The
deformation is then transmitted through capsule until it reaches and distorts the neurite. As
a result, stretch-gated cation channels on the neurite membrane open, initiating a neural
response [37].

Previous studies have used various types of microscopy to analyze cytoplasmic
protrusions (filopodia) on the terminal portion of the neurite and have identified structural
differences between the filopodia and the rest of the neurite [43—46]. These findings have
led to the suggestion that different physiological processes may occur in the filopodia and

that they may be the specific site of mechanotransduction on the neurite [43]. Filopodia are
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also located in other rapidly-adapting receptors, such as Meissner corpuscles and muscle
spindles [18], further suggesting their importance in mechanotransduction. While it has
been hypothesized [43] that filopodia are the sites of mechanoelectric conversion, it is
unknown exactly how this process occurs. The presence of actin in filopodia draws a
parallel to the stereocilia of inner ear hair cells [43,47] and supports the hypothesis that
filopodia are mechanotransduction sites in the PC [27]. Experiments have also identified
voltage-gated sodium channels [40] and an abundance of mitochondria [48] located on and
at the base of filopodia, suggesting that this specific region of the neurite can support action
potentials. Finally, their location within the PC, specifically with respect to the
hemilamellae of the inner core, suggest that the neurite’s filopodia may be ideally situated

to detect mechanical deformations transmitted through the PC’s capsule [46].

1.2.1.2 Inner core

The neurite is immediately surrounded by an inner core of tightly-packed, thin
cytoplasmic lamellae [36]. The lamellae are bilaterally-arranged into symmetrical
hemilamellae that surround the neurite [18,36,45]. The innermost lamellae and neurite are
completely separated by connective tissue, and this tissue extends into the clefts between
the two separated halves of the inner core [7,36]. Electron microscopy on PCs isolated from
mature cat mesentery identified approximately 60 compact layers within the inner core
[36]. The cells of the inner core are derived from Schwann cells [43,49] and may play a

role in the PC’s neural response to sustained mechanical pressure.

1.2.1.3 Outer core
The inner core is surrounded by the outer core, which makes up a large portion of

the PC’s capsule. The outer core is composed of concentrically-aligned lamellae, with
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approximately 30 layers present in the mature cat PC [36]. The lamellae contain multiple
epithelial-type cells, with radially-increasing lamellar spacing [18]. These cells are
extremely flattened, with thicknesses on the order of 200 nm [36]. Collagen fibrils are
located on the outer surface of outer core lamellae, with collagen deposition increasing
with PC age [36]. Each pair of adjacent layers is separated by a fluid-filled layer, which is
prevented from flowing across lamellae by tight junctions between the lamellar cells and
is therefore kept in successive layers [18,36,45]. The presence of these successive fluid
layers contributes to the overall turgidity of the PC [45].

It has been suggested that the fluid-lamellar composition of the outer core,
specifically the presence of the fluid layers, allows the outer core to function as a filter to
vibratory stimuli [10,11,23,24,45]. Experimental removal of the outer core [11] caused the
PC to behave as a slowly-adapting receptor as the recorded receptor potential in response
to a sustained mechanical stimulus decayed in over 10x the amount of time required in an
intact PC. In addition, the decapsulated PC only produced potentials in response to the
onset, and not the offset, of a sustained mechanical stimulus. These results suggest that the
capsule is essential to the coupling of the stimulus to the neurite and is therefore an integral
mechanical component of the receptor’s adaptation. The rapidly-adapting properties of the
neurite supplying the PC, however, are not trivial and also contribute to the receptor’s
characteristic response [50]. Thus, the PC’s outer core together with its rapidly-adapting
neurite are responsible for the PC’s role as a bandpass filter to vibrations [11,50].

1.2.2 Response to vibratory stimuli
Receptor potentials have been recorded from the PC’s neurite [21,37], and it was

found that these potentials increase with stimulus amplitude in a frequency-dependent
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manner [51]. Once the receptor potential reaches a threshold magnitude, an action potential
is generated and propagates along the neurite [20,38]. The PC neurite exhibits a response
threshold, which is the vibration amplitude at which the neurite begins to fire action
potentials in response to the stimulus. As the vibration amplitude increases, the firing rate
of the neurite also increases until it fires at the same rate as the vibration. At this amplitude,
which is referred to as the tuning threshold, the neurite and stimulus phase-lock, and the
PC fires one action potential per cycle [20]. In some electrophysiological recordings, the
PC can fire action potentials at a rate of 2 spikes/cycle for high-amplitude vibrations [20].
The response and tuning thresholds are both frequency-dependent, and the resulting
amplitude vs. frequency curves for each value shows a characteristic U-shape [20]. In a
study performed on cat mesenteric PCs, the stimulus frequency at which peak sensitivity

occurred was 270 Hz [20].

1.2.3 Response to sustained stimuli

In response to a sustained indentation, the PC fires action potentials at the onset and
offset of the stimulus [50]. The PC only fires one or two action potentials in response to
the onset of the pressure, which is attributed to the rapid (on the order of a few ms) decay
of the receptor potential [52]. As mentioned previously, removal of the PC’s capsule
resulted in a slower receptor potential decay (~70 ms) in response to stimulus onset [11].
The decay of the receptor potential following the onset of a sustained pressure is attributed
to both the mechanics of the capsule and the adaptation properties of the neurite [18]. The
PC’s firing during the onset of the stimulus depends on the strain rate and final strain of

the ramp portion of the compression [50,53]. PCs do not fire spontaneously [18].



1.2.4 Anatomical location

The PC is found embedded deep within the skin and subcutaneous tissues
[17,34,54-56] and in other anatomical regions such as ligaments [57-59], joint capsules
[60—62], muscles [63,64], internal organs [25,36,65-67], in contact with periosteum of
bones [34,54], and in the hypodermis [68]. The PC is notably found within the hand of
humans and monkeys, localized to areas necessary for gripping and tool manipulation [34].
In the human hand, PCs are distributed throughout the fingers and palms and have been
observed to occur in clusters close to digital nerves and blood vessels [17,69]. There are
approximately 300 PCs in the adult human hand [17,69], and thousands of PCs have been
reported in the fetal hand [70] suggesting that the number of PCs decreases with age. The
density of PCs is typically reported to be higher in the fingers than in the palm of the human
hand, as values between 44-66% of the total PCs in adult cadaveric hands were reported to
be located within the fingers [17,70]. In both the human and monkey hands, PCs were
predominantly found in the three central fingers of the hand [17,34]. The density of PCs,
unlike that of other mechanoreceptors, does not vary considerably along the length of the
finger [22]. This relatively uniform distribution, together with the large receptive field of
PCs, suggest that the PC does not play a role in spatial discrimination of a stimulus [22].

The PC’s location within the hand is of interest to hand surgeons, as PCs can be
used to locate digital nerves during medical procedures [71,72]. Enlarged or aggregated
PCs have also been implicated as the cause of pain or tenderness in the palm or fingers,
especially when PC proliferation compresses the digital nerves [68,71,73]. PCs in the hand
are also associated with Dupuytren’s contracture, as histological studies have shown that

PC size and number of lamellae increase with the disease [74].



1.2.5 Clustering

PCs are also often observed in clusters of multiple receptors (Figure 1.2), a
phenomenon conserved across species. PC clusters have been identified in the human hand
[17,75]; the monkey hand [34,55]; cat feet [46,54,76], ankle joint [77] and knee joint [61];
the rat ankle joint [49]; the elephant feet [78]; the raccoon forepaw [79]; and the
interosseous region of the kangaroo leg [80]. The number of PCs found within a cluster
varies between species, with clusters of 2-3 PCs in the human [81], 2-5 in the monkey
[34,55], 3-4 on average in the elephant [78], and 2-11 in the cat [46,54,61,76,77].
1.2.6 Role in somatosensation

Mechanoreceptors are distinguished based on their response dynamics and the size
of their receptor field, with the PC classified as a rapidly adapting type II receptor based
on its sensitivity [2,8]. As stated previously, the PC is optimized to respond to high-
frequency vibrations, while the other mechanoreceptors are optimized to other touch
modalities (i.e. pressure, low-frequency vibrations) [2,18]. Traditionally, it was believed
that touch modalities were segregated in the nervous system, as different afferent classes
(rapidly vs. slowly adapting afferents) were responsible for the sensation of distinctly
different mechanical stimuli from the periphery to the cortex [82]. More recently, however,
the concept of segregation has been replaced with convergence. = While each
mechanoreceptor has its own optimal stimulus, multiple mechanoreceptors can be recruited
in response to a single tactile stimulus [1,82]. Perceptions such as texture, object shape,
and skin motion may receive input from multiple mechanoreceptor types.

Thus, while the PC is responsible for the sensation of high-frequency vibrations, it

is also implicated in the detection of other naturally-occurring touch modalities. The
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perception of texture involves input from multiple mechanoreceptive afferents, and
previous studies have shown that vibration is critical to texture perception [83]. Scanning
a textured surface causes vibrations to propagate through the skin, which results in the
spiking of PC afferents [84,85]. The PC is also important in slip detection. PC afferents
fire spikes at the onset and offset of contact with an object [86] and can signal the
occurrence of slip [87], making the receptors critical in object manipulation and grip
control. PCs are also implicated in tool use, as they are responsible for the perception of
vibrations transmitted through the object to the hand [70,88].
1.2.7 Implications in disease and aging

Previous structural studies [89] found that, with age, the human PC increases in size
by the addition of lamellae until it eventually becomes distorted in structure, which is
followed by a decrease in the number of PCs within the skin. While these anatomical and
morphological changes in the receptor due to aging have been reported in the PC literature,
the mechanical and functional responses of isolated aged PCs have not been probed.
Previous studies have, however, investigated the vibration sensitivity changes that occur
within the hand with age. Vibrotactile detection experiments by Verrillo [90] performed
on subjects of various ages found that vibrotactile thresholds in the hand at higher
frequencies (i.e., within the typical PC sensitivity range) increase with age. Verrillo
proposed that the experimentally-observed increase in vibrotactile threshold may be due to
a decrease in the number of PCs within the skin but added that the density of PCs could
not explain this phenomenon alone. Verrillo therefore proposed that geometric changes,

such as those reported by Cauna [89] (i.e., addition of lamellae, shape distortion) may be a
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mechanism for the decreased vibrotactile sensitivity in the Pacinian frequency range with
age.

Vibrotactile sensitivity can also be affected by disease, such as diabetes. Peripheral
neuropathy is a common complication of diabetes and can affect the sensation of vibration,
among other sensory modalities and neural functions [91]. Diabetic skin biopsies [92] have
shown denervation and neuronal structural changes, which can affect the cutaneous
mechanoreceptors [93]. In diabetic monkeys, the PC capsule can undergo structural
changes including irregular spacing between lamellae, thickening of outer lamellae, and a
breakdown of inner lamellae, causing the capsule to appear deteriorated [94]. Functionally,
PCs are shown to be implicated in diabetic neuropathy as vibrotactile thresholds increase
in patients with diabetes [92,95,96]. Advanced glycation as a result of diabetes leads to
many complications associated with the disease, as advanced glycation end products can
induce cross-linking of proteins such as collagen and cause increased vascular stiffness
[97-99]. The vasculature of the PC capsule [100] may be stiffened as a result of diabetes,
or the adventitial tissue of the PC’s end organ may also become stiff, as glycation has been
shown to affect not only the stiffness of vascular tissue but also that of tissues such as
cartilage [101], tendon [102], and other connective tissues (i.e., plantar tissue [103]).

1.3  Previous models of the PC and other mechanoreceptors

Because of its elegant structure and important role in the somatosensory system,
the PC has been the subject of numerous theoretical modeling efforts over the
years. Models have also been proposed to simulate the transduction of other cutaneous
mechanoreceptors, and these models can complement and inform PC models. Broadly, PC

models can be classified as functional or mechanistic. The functional approach, pioneered
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by Freeman and Johnson [104,105], emphasizes the relationship between the input stimulus
and the neuronal output as a black-box process. Freeman and Johnson developed a simple
receptor model [104,105] consisting of an electrical circuit to match neural data collected
from slowly adapting (SA), rapidly adapting (RA), and Pacinian afferents in the macaque
monkey hand in response to skin vibration. Their basic model contained 4 degrees of
freedom, which were fit to the neural data from the three different mechanoreceptors (SA,
RA, PC). Their analysis and model fitting focused on the temporal structure of the afferent
discharge, including overall firing patterns and impulse phase [104], and the stimulus-
response functions that relate neural discharge to vibratory amplitude at different
frequencies [105]. The Freeman-Johnson model was later extended by Slavik and Bell
[106], who introduced hyperexcitability and an absolute refractory period following each
action potential to improve the model’s fidelity to neural data. Further work by Bensmaia
[107], specifically to model the Meissner corpuscle, allowed the model to predict RA
afferent response to arbitrary stimuli (including complex stimuli and non-repeating noise)
in both psychophysical and physiological contexts. Grandori and Pedotti [108] employed
a series of transfer functions to simulate the neurite receptor potential of a capsulated and
decapsulated PC.

In contrast to the functional approach, the mechanistic approach, starting with the
seminal work of Lowenstein and Skalak [23] and Holmes and Bell [28,29], emphasizes the
underlying behavior of the PC as a physical entity rather than as a conceptual one. This
approach has the advantage of being governed by physical laws (e.g., conservation of
momentum or charge) and providing insight into #ow the PC functions, but it has the

disadvantage of requiring much more information and not necessarily capturing the PC
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response as consistently as a functional model. Loewenstein and Skalak (LS) [23] proposed
that fluid-lamellar interaction within the PC capsule causes the receptor to act as a high-
pass filter to vibrations and developed a mechanical model of the PC outer core based on
this hypothesis. The PC was modeled as a series of cylinders with a rigid core at the center.
The cylinders were joined by parallel elastic and viscous connections between adjacent
layers. Biswas et al. [32] extended the LS model, incorporating a viscous core and larger
interlamellar spacing. Like LS, Biswas used concentric cylinders to approximate the
structure of the PC, but they adjusted the radius and number of lamellae to model the effect
of PC size, and used more realistic physical parameters. Additionally, Holmes and Bell
[28] developed a mechanical model of the PC capsule that used a two-dimensional cross
section as an approximation to the full capsule, modeled as thin orthotropic elastic shells
separated by fluid layers. Holmes and Bell homogenized their model and obtained the hoop
strain in the receptor membrane, which they later coupled to a receptor potential model
[29] of stretch-activated channels. Giiclii et al. [109] compared static indentation
experiments to ovoid and semi-infinite finite-element models of the PC, and both models
produced similar results for the transmission of the displacement through the PC,
suggesting that the ellipsoidal geometry is not the only factor responsible for the PC’s
mechanical response.

Some models exhibit both mechanistic and functional features, such as the current
study and Lesniak and Gerling’s [110] model of the mechanotransduction of a slowly
adapting type I (SA-I) receptor. They used a finite-element mechanical model [111] of a
cross section of fingertip skin to obtain the strain-energy density (SED) in the vicinity of a
Merkle cell neurite complex. The SED was transformed into the receptor current within
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the SA-I via a sigmoidal function, bypassing the mechanics of the mechanoreceptor, and
the receptor current was transformed into SA-I spiking via a leaky integrate-and-fire model.
Thus, a mechanistic model for skin mechanics was combined with a functional model for
neural dynamics. Mechanistic, functional, and hybrid models have all provided new insight
into cutaneous mechanosensation and are necessary to simulate different aspects of this
transduction process. In addition to the models designed to explain PC function on the
receptor level, psychophysical studies have addressed the perceptual aspect of the Pacinian
system. Studies by Bensmaia et al. [112,113] have greatly informed us of the response of
the Pacinian system and have found that both intensity and temporal components contribute

to high-frequency discrimination of simple and complex stimuli.

1.4  Motivation and open questions

The PC has long intrigued biomechanicians, with seminal theoretical work done by
Loewenstein and Skalak half a century ago [23]. More recently, the field of haptics and the
emerging need for better haptic feedback systems [114] have inspired the development of
computer models of how our peripheral nervous system, and specifically
mechanoreceptors, encode vibrotactile stimuli. Models of the PC can provide insight into
response properties necessary for the development of haptic devices, such as stimulus
detection threshold and the distinguishability of different vibrotactile stimuli and locations.
Due to the PC’s importance in haptic sensing and the extensive literature available on the
PC’s structure and neural response, I aimed to investigate the mechano-to-neural
transduction of the PC through a combination of mechanical and neural computational

modeling and experiments.
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Previous models of the PC discussed in Section 1.3 have address various aspects of
the PC’s response to mechanical stimuli. While these models have employed different
approaches to investigate the relationship between the PC’s properties, such as its
ellipsoidal shape [109], lamellae [23,32], or location in the skin [30], these models have
limitations (discussed in Section 1.3) and fail to unify all of the PC’s anatomical
components and response properties. In addition, in spite of the high degree of
sophistication and creativity in PC models, the lack of complete data to specify the model
parameters remains a considerable obstacle. To our knowledge, there has been no
published study of PC mechanics that included an actual force or stress measurement and
as a result, a wide range of values for the Young’s modulus of the PC has been used in
previous theoretical models.

The overarching goal of my thesis research was to unify the anatomical and
electrophysiological observations of the PC via a detailed mechanistic model of PC
response to mechanical stimulation, requiring a multiphysics, multiscale approach. My
overall goal was to develop a comprehensive mechanistic model of both the mechanical
and the neural response of the PC to stimulation while accounting for the three-
dimensionality and detailed inner structure of the PC, the fine morphology and
mechanosensitive channels of the neurite, and the receptor’s in vivo location in the skin
and within a cluster of multiple PCs. I also performed mechanical experiments on PCs
isolated from human cadaveric hands to address the lack of mechanical data on PCs and
characterize the apparent Young’s modulus of PCs under steady-state experiments. Finally,
I used my developed model to observe the differences in frequency sensitivity among PCs

and their avian equivalent within different species.
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The results of my thesis research are presented in the next six chapters. The next
section lists a Summary of Accomplishments, which provides more detail about what will

be discussed in the following chapters.

1.5 Summary of accomplishments
The key research studies of my thesis are organized as the following six chapters.

The chapters are briefly outlined below.

Chapter 2: Multiscale mechanical model of the Pacinian corpuscle shows depth and
anisotropy contribute to the receptor’s characteristic response to indentation [115]. In this
study, I used a multiscale finite-element mechanical model to simulate the equilibrium
response of the PC to indentation. The key hypothesis of this study was that a layered,
anisotropic structure, embedded deep within the skin, would produce the nonlinear strain
transmission and low spatial sensitivity characteristic of the PC. I first modeled an isolated
PC with fiber network aligned with the PC’s surface to simulate the lamellar layers within
the PC’s outer core and compared the strain transmission through the PC with previously
published experimental data. Next, I modeled a single PC embedded within the epidermis
or dermis of the skin to simulate the receptive fields of PCs under indentation in each

location.

Chapter 3: A multiphysics model of the Pacinian corpuscle [24]. I combined mechanical
models of the PC with an electrochemical model of peripheral nerves to simulate the tactile
response of the entire system. A three-stage model of response to a vibratory input was

developed, consisting of (1) outer core mechanics, (2) inner core mechanics, and (3) neurite
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electrochemistry. Using this model, I was able to simulate the PC’s band-pass filtration of
vibratory stimuli and rapid adaptation to sustained mechanical stimuli. I was also able to
simulate the effect of varying the number of lamellae within the PC outer core and model

the resulting shift in frequency response.

Chapter 4: Computational parametric analysis of the mechanical response of structurally
varying Pacinian corpuscles [33]. 1 sought to evaluate the relationship between the PC’s
material and geometric parameters and its response to vibration. I used the Stage 1 model
of outer core mechanics developed in Chapter 3 and analyzed the effect of lamellar
modulus, lamellar thickness, fluid viscosity, PC outer radius, and number of lamellae on
the PC’s frequency sensitivity. I combined all five structural parameters into dimensionless

expressions for the relationship between the parameters and peak frequency or bandwidth.

Chapter 5: A finite-element model of mechanosensation by a Pacinian corpuscle cluster in
human skin. I embedded the model developed in Chapter 3 in a skin mesh to simulate the
mechanical and neural behavior of PCs in response to vibrations in vivo. I created a finite-
element model of human skin containing two PCs to analyze the effect of skin and
clustering on the PC’s response to vibration. I analyzed the effects of separation distance

between two PCs in a cluster and the location of these PCs with respect to the skin stimulus.

Chapter 6: Micropipette aspiration of the Pacinian corpuscle [116]. In the models created
in Chapters 2-5, I used estimates of the PC’s mechanical properties. In this study, I used
micropipette aspiration (MPA) to determine an apparent Young’s modulus for PCs isolated
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from a human cadaveric hand. The slope of the protrusion length vs. suction pressure plot
resulting from MPA was used to calculate the apparent Young’s modulus. Using 10 PCs,
I calculated a Young’s modulus of 1.40 = 0.86 kPa, which is on the same order of

magnitude as the Young’s modulus used in previous models.

Chapter 7: An inter-species analysis of the Pacinian corpuscle’s frequency sensitivity. 1
sought to compare the frequency sensitivity of PCs and Herbst corpuscles (HCs) from
various species using my model discussed in Chapters 3-5. I first performed a thorough
literature search to compile the structural parameters of PCs and HCs from various species
based on the availability of histological images. I then used the equations for peak
frequency and bandwidth derived in Chapter 4 to predict these frequency responses of each

species.
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epidermis

dermis

Figure 1.1: Schematic of human hand and mechanoreceptors. (A) Representative
human hand, with scale bar on the centimeters scale. (B) The four types of
mechanoreceptors in glabrous (non-hairy) skin with the PC shown in yellow and enclosed
in the black box. Scale bar is on the millimeter scale. Image reprinted from Neuron, Vol.
79 Issue 4, Abraira VE and Ginty DD, The Sensory Neurons of Touch, pp. 618-639, 2013
with permission from Elsevier. (C) H&E staining of the cross section of a PC in a thick
human skin slice. Scale bar is on the hundreds of microns scale. The image was provided

by Dr. Christopher Honda from the University of Minnesota.
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Figure 1.2: Cluster of two PCs in thick human skin slice. The scale bar corresponds to
200 microns. The image was obtained from the same sample of skin as Figure 1.1C after

H&E staining and provided by Dr. Christopher Honda from the University of Minnesota.
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CHAPTER 2: MULTISCALE MECHANICAL MODEL OF

THE PACINIAN CORPUSCLE SHOWS DEPTH AND

ANISOTRPHY CONTRIBUTE TO THE RECEPTOR’S

CHARACTERISTIC RESPONSE TO INDENTATION

The content of this chapter was previously published as a research article in the journal

PLoS Computational Biology by Quindlen, Lai, and Barocas [115].

2.1 Summary

This study focuses on how the PC’s structural anisotropy and location in the skin
contribute to its steady-state response. The PC is comprised of lamellae that surround the
nerve fiber at its core. We hypothesized that a layered, anisotropic structure, embedded
deep within the skin, would produce the nonlinear strain transmission and low spatial
sensitivity characteristic of the PC. A multiscale finite-element model was used to model
the equilibrium response of the PC to indentation. The first simulation considered an
isolated PC with fiber networks aligned with the PC’s surface. The PC was subjected to a
10 pm indentation by a 250 um diameter indenter. The multiscale model captured the
nonlinear strain transmission through the PC, predicting decreased compressive strain with
proximity to the receptor’s core, as seen experimentally by others. The second set of
simulations considered a single PC embedded epidermally (shallow) or dermally (deep) to

model the PC’s location within the skin. The embedded models were subjected to 10 um
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indentations at a series of locations on the surface of the skin. Strain along the long axis of
the PC was calculated after indentation to simulate stretch along the nerve fiber at the center
of the PC. Receptive fields for the epidermis and dermis models were constructed by
mapping the long-axis strain after indentation at each point on the surface of the skin mesh.
The dermis model resulted in a larger receptive field, as the calculated strain showed less

indenter location dependence than in the epidermis model.

2.2 Introduction

As mentioned in Section 1.2, the PC has low spatial sensitivity across the surface
of the hand [2] and is located in the dermis of glabrous skin [1,109]. In addition, it has a
ovoid shape (Figure 2.1) and a complex inner structure, which consists of an outer core
containing 30 or more concentrically aligned collagenous lamellae [36]. The lamellae are
believed to act collectively as a high-pass filter that shields the nerve fiber at the receptor
center from low frequency, high amplitude stimuli [2,18,23]. The PC is a difficult organ to
understand because its function involves a complex, interrelated set of biological,
chemical, mechanical, and electrical phenomena. The overarching goal of this study was
to address the fundamental mechanics of the PC and the role of its structure in determining
how skin displacement is transmitted to the PC neurite.

The work of Giiglii et al.[109] was an important exploration of PC mechanics. The
authors used finite-element modeling to investigate the role of the PC’s geometry in its
mechanical response to static indentation. Experimental data in which PCs were indented
by cylindrical contactors with step waveforms of various amplitudes were compared to the

computational models. Semi-infinite plane and ovoid models produced similar
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displacements within the PC in response to static indentation, and neither model matched
the localization of strain near the contractor seen in the experiment.

The purpose of this study was to test two specific hypotheses about the
biomechanics of the PC. First, Giiclii ez al. rejected the hypothesis that receptor shape leads
to the observed mechanical behavior of the PC, leaving open the question of how the strain
concentrates near the indentation site; herein, we tested the hypothesis that mechanical
anisotropy contributes to the strain localization. Second, having concluded that a structural
model of the PC is mechanically acceptable, we used that model to test the hypothesis that
deep embedding within the skin contributes to the low spatial sensitivity and large receptive

field of the PC.
2.3  Methods

2.3.1 Multiscale model

A multiscale scheme [117-119] was used to model the response of the PC to
indentation. The method is summarized here and described in detail elsewhere [117-119].
A finite-element model at the macroscopic level was coupled with representative volume
elements (RVE), each comprised of a fiber network, at the microscopic scale (Figure 2.2).
Each finite element contained eight Gauss points, each with an associated RVE. Each RVE
contained a network of 500-700 fibers in a constrained mixture (cf. [120,121]) with a nearly
incompressible neo-Hookean matrix. In this study, each element received a unique set of
fiber networks depending upon its location within the mesh.

Macroscopic-level deformations were passed down to the microscopic level, the
networks within each RVE were thus stretched, and the force exerted by each fiber, F, was

calculated using the fiber constitutive equation
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F=%(exp(BEf)—1) (2.1)

where Ais a measure of fiber stiffness, Bis a measure of fiber nonlinearity, and E, is the
fiber Green strain computed from the fiber stretch, 4, ,
E, =05(A; -1) (2.2)

From the fiber forces on the RVE boundaries, the volume-averaged Cauchy stress
at each Gauss point within the macroscopic element was calculated as

Sy = é [ sy av =y xF, (2.3)

\4 be

whereV is the RVE volume, S;’””” is the microscale stress, bc refers to summation over all
network nodes on the RVE boundary, x,is the boundary fiber cross-link i-coordinate, and
Fjis the force acting on the boundary fiber cross-link by the fiber in the j-direction. The

averaged stress balance was given as [118]
1 micro macro
Si=7 P (S = 85" Y n, dS (2.4)
dav

where 4, is the RVE boundary displacement and p,is the normal vector to the RVE

boundary. The displacements were updated until the stress balance (2.4) had equilibrated.

Simulations were run on 64 cores at the Minnesota Supercomputing Institute.

2.3.2 Mesh generation

All finite-element meshes were generated in ABAQUS. A mesh convergence study
on the isolated PC problem gave average errors of 5% in nodal displacement between the
coarsest mesh and the finest mesh (which was used in the study). Based on this result and

our previous studies [117], we expect our numerical results to have errors of at most 5%.
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2.3.3 Microstructural model specifications

Delaunay networks were created to populate the RVEs within the multiscale model.
To capture the anisotropy of the collagenous lamellae within the PC, the networks for each
finite element were aligned with the PC’s surface (Figure 2.3A). In the embedded models,
the networks populating skin elements were made transverse orthotropic and aligned with
the surface of the skin to reflect dermal collagen organization [122].

Material constants 4 and B for equation (2.2) were set at 114 puN and 10
respectively, obtained from fitting the multiscale model to data from a published study on
dermal mechanics [123]. The Poisson’s ratio for the neo-Hookean matrix was set atv=0.47
for the simulations to model a nearly-incompressible matrix. The matrix shear modulus
was set at G = 4.2 kPa [117]. The properties of the Pacinian corpuscle lamellae are not
known, and estimates of the modulus of the lamellar layers have ranged from 1 KPa [124]
to 0.5 MPa [23]. Neither of those bounds was based on a published mechanical
measurement of the properties of collagen fibers within the PC; the small value was
estimated based on assumed high compliance of the basement membrane, and is consistent
with an anecdotal reference from the literature ([125] cited by [18]), and the latter was
based on arterial wall. Recent work [124] has found that using a low modulus for the
lamellar stiffness gives more accurate predictions of PC response in the high-frequency
range, but collagen fibers have moduli in the MPa range [126], as have basement
membranes from the renal tubule [127] and ocular lens [128—130]. It is thus clear that a
better theoretical and structural description is needed, and it is likely that the choice of
modulus will depend on the structure of that model. Since the emphasis of this work was

on the effect of anisotropy, not on differences in stiffness between the corpuscle and the
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surrounding skin (which could be a very important factor and which should be explored in
future studies), we chose to give the fibers in our PC model the same properties in as the
fibers in the skin.
2.3.4 Macroscale model specifications: Isolated corpuscle

The isolated Pacinian corpuscle was meshed as a half-ellipsoid, with a major axis
of length 1 mm and a minor axis of length 0.5 mm. The PC model contained 2984
hexagonal elements. The isolated PC model was subjected to 10 um indentation by a 250
um diameter indenter to simulate the experiments performed by Giiclii et al. and the
associated finite-element model [109]. The indenter displaced nodes vertically, as shown
in Figure 2.3A.

For consistency with the Gii¢lii experiments, the nodal displacements in the isolated
PC model were analyzed. The displacement of nodes located along the top 100 um of the
z-axis was calculated after 10 pm indentation. Strain (g,,) along the long axis of the PC
was calculated for comparison to the embedded model.
2.3.5 Macroscale model specifications: Embedded corpuscle
2.3.5.1 Model Preparation

A tissue-embedded PC was meshed as an ellipsoid with a major axis of 1 mm and
a minor axis of 0.5 mm inside of a rectangular prism (Figure 2.3B). For the epidermis
model, the domain was 1.5 mm x 1.5 mm x 0.75 mm, with the center of the PC located
0.375 mm beneath the surface. For the dermis model, the domain was 1.5 mm x 1.5 mm x
2.75 mm, with the center of the PC located 2.375 mm beneath the surface. The epidermis
and dermis models had 2928 and 4380 hexahedral elements, respectively. The long axis of

the PC was parallel to the surface of the skin.
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The embedded PC models were subjected to 10 pm indentations at the surface of
the skin. Nodes on the surface of the skin were indented individually in different
simulations to construct the receptive field of the PC.

To observe the effect of PC orientation with respect to the skin surface, a dermally-
embedded PC was modeled with its long axis perpendicular to the skin surface. This

vertical PC model was subjected to 10 pm indentations at the skin surface.

2.3.5.2 Prediction of axial stretch on the PC

When the PC is mechanically stimulated, a receptor potential is produced and
increases until a threshold is reached, and an action potential is initiated [18,20,21]. This
study used the working model that stretch along the long axis of the receptor, and thus
along the nerve fiber at the center of the PC, causes stretch-gated Na" channels along the
axon to open and initiates the response of the PC [131].

Since the deformations involved are very small, the response of the PC to
indentation for the embedded models was determined by calculating the linear strain along

the long axis (y-axis) of the PC to simulate stretching of the axon,

£, =L (5.5)

where [ is the length of the PC along the y-axis after 10 um indentation and [, is the

initial length of the PC along the y-axis. Length was calculated as the distance between the
y-coordinates of two nodes located at the interface of PC and skin elements on the y-axis
of the PC. In the case of the vertically-aligned dermally-embedded PC, the linear strain

along the long axis (5.5) was measured with respect to the z-axis.

27



2.4 Results

2.4.1 Isolated corpuscle

The isolated PC was subjected to a 10 um indentation with an indenter of diameter
250 pm to mimic the experiment and simulation of Giiclii e al. The multiscale model
captured the nonlinear trend in displacement seen in the experimental data and not
predicted by an isotropic linear elastic model (Figure 2.4A). The multiscale model
populated with isotropic Delaunay networks rather than circumferentially-aligned
networks also produced results similar to Giiglii et al.’s isotropic linear elastic model (data
not shown). Figure 2.4B shows the displacement of nodes along a cross section through
the x-z plane of the PC at y=0. As seen in Figure 2.4B, the multiscale model predicted a
nonlinear spacing between nodes, with a greater nodal gap occurring with increasing depth.

The Von Mises stress was calculated at each element in the PC after 10 um
indentation for the cases of isotropic networks and circumferentially-aligned networks. In
Figure 2.5, the isotropic case shows stress of approximately 2x higher magnitude around
the indenter than those shown for the circumferentially-aligned case.

The strain along the long axis of the PC was calculated over 25 steps of 1 um
indentation. As seen in Figure 2.6, the strain along the long axis of the axon increased with
indentation into the PC. The strain calculated for the isotropic network case was
approximately 10x higher than that calculated for the circumferentially-aligned network

casec.

2.4.2 Embedded corpuscle
The long-axis strain along the PC resulting from indentation at various nodes along

the surface was also compared for the epidermis and dermis models (Figure 2.7). The
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epidermal PC model showed large strain in response to loading directly above the PC that
dropped off quickly as the indenter moved away from the PC. This drop-off implies more
spatial sensitivity and thus a smaller receptive field. The dermal PC model shows less
indenter position dependence and thus a larger receptive field.

The Von Mises strain was calculated within every element in the dermal- and
epidermal-embedded cases after 10 pm indentation for indentations above the center of the
PC and 750 pm down its long and short axes. As seen in Figure 2.8, the Von Mises strain
in the PC in the dermis case shows little variation when the structure is indented at different
locations. In both cases, PC strain is less than that of the immediately surrounding tissue
because of its greater degree of anisotropy. The strain in the PC in the epidermis case shows
greater variations with indenter location.

The long-axis strain along the PC resulting from 10 pm indentation at various nodes
along the surface of the skin was compared for horizontally-aligned and vertically-aligned
PCs embedded within a dermal mesh (Figure 2.9). The horizontal PC model showed
positive strains or no strain resulting from indentation. The vertical PC model always
showed negative strains in response to indentation. This result shows that indentation
within the receptive field of a horizontally-aligned PC always results in positive axial

stretch of the neurite. Indentation of the vertical model does not result in neurite stretch.
2.5 Discussion
This study used a multiscale finite-element model to determine that the structure of

the PC is an important contributor to the nonlinear behavior of the receptor. In addition, it

showed that the deep dermal location of the PC provides it with lower spatial sensitivity.
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Several factors must be considered when interpreting our results. First, the
mechanical stimulus was a fixed indentation into the PC with no transient effects. As such,
this study addresses the location and magnitude of the stimulus but it does not take stimulus
frequency into account when determining the PC mechanical response, as others have [23].
A static model was chosen as suitable for comparison with experiment [109], but it would
not be appropriate for simulating the vibrotactile response. While Hubbard [10] also
investigated PC mechanics, the results from the current paper cannot be directly compared
to that study, which placed the PC within a hinged apparatus rather than stimulating with
a vertical indenter. Therefore, the experiments performed by Giiclii et al. were used to
validate the current model. Second, the PC was treated as incompressible, and no fluid
movement was allowed within the PC even though such flow is known to be important
[23]; thus, our model must be interpreted as the instantaneous response of the PC. The
time-dependent response of the PC is necessary to address, as it is crucial to the PC’s role
as a high-pass filter to vibration [21,23], so insights from the current study should center
on instantaneous response. Also, the experimental PC literature [20,21,51] focuses
appropriately on the use of directly applied sinusoidal displacements to elicit the response
of the PC to vibratory stimuli, providing a rich data set on the dynamical response of the
PC. A model of PC mechanics should include a dynamical component (fluid flow,
viscoelasticity, or both) to account for the phase difference that can occur between skin and
PC stimulation, and also between PC stimulation and receptor response.

The mechanical model used in this study also simplified the structure of the PC to
account only for anisotropy within the receptor and not for its specific components and

detailed structure. The receptor capsule is composed of concentrically-arranged
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collagenous lamellae through which mechanical forces are transduced. The lamellae
consist of condensed cell layers separated by layers of pressurized fluid [28]. The structure
of the capsule is believed to play an important role in determining which mechanical forces
are transmitted to the axon [39]. Each lamella contains a single layer of flat squamous
epithelial type cells, with interlamellar spacing increasing with distance from the inner core
[18]. Tight junctions between cells within each lamella prevent fluid flow across lamellae,
but flow within the fluid layer between adjacent lamellae is possible and is significant at
low frequencies. Loewenstein and Skalak first proposed that the role of the PC capsule’s
lamellar structure is that of a series of mechanical high-pass filters to shield the nerve fiber
at the center of the receptor from low frequency, high amplitude stimuli [23]. To place this
model in the broader context, it is more advanced than that of Giliglii, which is isotropic
and linear elastic, but does not provide the single-lamellar-level description of Lowenstein
and Skalak or of subsequent variations thereon [30,124]. The multi-scale approach of the
current model, in which RVE’s are introduced with position-dependent fiber orientations,
could be extended to more complex microstructures as greater structural information
becomes available. It is also notable that the lamella-based models [23,30,124] can account
for the apparent viscoelasticity of the tissue by incorporating interlamellar flow; our model
would not be able to do so but could incorporate a continuous viscous contribution similar
to that derived previously [28] in a homogenized model of the PC. Clearly, there is need
for a more detailed microstructural model that can address other aspects of PC behavior
and perhaps can resolve the disconnect between the high stiffness typical of collagenous
tissues and the low stiffness reported experimentally [125] and used to describe vibrotactile
mechanics of the PC [124].
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The mechanical model presented in this study simplified the neurophysiology of
the PC action potential generation into axial stretch of its central nerve fiber. The solid
black line in Figure 2.7 indicates the division between the positive and negative stretch.
Because the exact mechanism of axon excitation is unknown, it is possible that the neurite
could also be stimulated during compression along the long axis. Long-axis compression
could, for example, be experienced as positive stretch in other directions due to neurite
incompressibility. Thus, while it is possible that long-axis compression could lead to axon
excitation, only long-axis stretch was considered in this study. It was initially proposed by
Gray & Ritchie [131] that sensory receptors respond to mechanical stimulation resulting
from nerve stretch. After PC compression studies performed by Hubbard in 1958 were
unable to measure a change in axon length within the error of measurement, other possible
mechanical mechanisms for transduction were proposed [10]. Specifically, Hubbard
proposed that a change in the ratio between the major and minor axes of the cross section
of the nerve fiber leads to a change in surface area and thus membrane stretch. Figure 2.10
shows a comparison between the model of axon stretch along the long axis used in this
study and the area change proposed by Hubbard. Both long-axis strain and area strain
increase monotonically with indentation into the PC. The area change of the PC is
approximately six times the long-axis strain after 25 pm of indentation.

The orientation of the PC with respect to the surface of the skin was analyzed in
this study. The results presented in Figure 2.9 show that indentation within the receptive
field of a horizontally-aligned PC always results in either axial stretch of the neurite or no
neurite stretch. Indentation within the receptive field of a vertically-aligned PC always

results in neurite compression. The assumption used in this study that PC action potential
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generation is the result of axial stretch of the neurite and not axial compression means that
the vertically-aligned PC was never activated by static compression. This study only shows
the results of two PC orientations to static compression. A vibratory stimulus would
involve both application and removal of an indenter due to oscillations, creating a more
complex field that would likely include long-axis stretch in both cases. Thus, it is expected
that different results on PC orientation would be obtained from models of vibration. It has
previously been shown [132] that the electrophysiological response of an intact PC or its
decapsulated nerve terminal changes polarity as it is rotated 90 degrees along its long axis.
The same study also showed that a decapsulated terminal reversed the polarity of its neural
response when compressed horizontally to the nerve or vertically to the nerve and proposed
that the bilateral arrangement of cells around the terminal is responsible for changing how
compression is transmitted to the neurite in these different orientations. It has also been
shown [133] that compression of an intact PC along its long axis requires a much stronger
stimulus to cause depolarization than that required in compression along the short axis. The
current study models the transmission of mechanical stimuli through the lamellae to the
neurite, and showed differences with PC orientation, but does not address the
electrophysiological effects reported by others [132,133]. A combined model (cf. [28,134])
could lend greater insight into the interaction between mechanical and electrophysiological
events.

Incorporation of isotropic Delaunay networks into the PC multiscale model rather
than circumferentially-aligned networks (data not shown) resulted in a lack of shape
dependence similar to that observed in Gili¢li’s finite-element study [109]. The current
study thus confirms the finding that the ellipsoidal shape of the PC is not per se responsible
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for the observed mechanical behavior. In addition, the use of isotropic Delaunay networks
further confirmed Giiglii‘s result that a homogeneous isotropic model of the PC cannot
predict the experimentally observed displacement pattern in response to indentation. This
study showed that the internal anisotropic structure is an important factor leading to the
nonlinear displacements through the PC. The nonlinear reduction in displacement of
lamellae located closer to the central core is in agreement with the hypothesis that the
lamellar structure can help protect the nerve from large deformations under large skin
surface loads.

The current model bases the mechanical properties of the networks representing the
skin on data from uniaxial mechanical tests on dermis [123]. There are many factors that
can influence the mechanics of skin, which can vary with anatomical location, proximity
to blood vessels, thickness, body weight, hair-cycle stage, skin disease, and experimental
conditions such as humidity [135—-138]. Specifically, mechanical and structural properties
such as viscoelasticity and anisotropy of skin can vary with age and anatomical location
[138]. The mechanical properties of a skin sample are influenced by structural components
such as the collageneous fiber network and the presence of different layers, which exhibit
different mechanical properties, within the skin [30,136,137,139]. Selecting different data
for fitting of the skin element mechanical properties used in this study would likely change
the quantitative results of the current study due to differences in the aforementioned factors.
The overall qualitative results of this study, however, are not expected to change. The
mechanics of skin can also vary depending on the type of load applied, as skin behaves
differently under compression and tension [135,136]. In vivo skin can also be in different

amounts of tension depending on anatomical location, the body position, and the individual
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[138]. All of the aforementioned factors could be considered in future models, with the
current model functioning as a basis for subsequent studies and as a low-order model of
skin behavior.

Past experiments have shown that the isolated PC is a highly sensitive
mechanoreceptor with nanometer sensitivity [2]. The simulations performed in this study
model the sensitivity of an isolated and embedded PC to micrometer-scale indentations.
Sensitivity thresholds of the PC have been reported previously as 3 nm applied directly to
the PC and 10 nm applied to the surface of the skin [2]. In the current study, the smallest
indentation tested on the isolated PC was 1 pm, which corresponds to an amplitude of
approximately 7 um applied to the skin after comparison of the strain along the long axis
of the PC in the isolated and dermis-embedded models. This ratio could change for a more
anatomically detailed model, in which multiple receptors rather than just one are located
within the dermis. There are currently no published data on the mechanics on a PC
embedded in skin.

While this work focused on the PC, its results can also provide insight into other cutaneous
mechanoreceptors. The embedded PC simulations showed that a PC located in the dermis
of the skin was able to replicate the low spatial sensitivity of a PC in vivo. The PC
embedded in the epidermis had a higher spatial sensitivity within the receptive field tested
in the simulations. Receptors located closer to the surface of the skin, such as the Meissner
corpuscle and Merkel cell-neurite complex, show decreased receptive fields and thus
increased spatial sensitivity to mechanical events on the skin surface [140]. The current
study could also be expanded to include the different geometries and cutaneous locations

of other mechanoreceptors.
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Figure 2.1: Excised PC. PC removed from a human cadaveric hand. Tick marks on the
ruler correspond to 0.5 mm. Sample was obtained from cadaveric tissue provided, with

approval, by the University of Minnesota Anatomy Bequest Program.
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Figure 2.2: Multiscale model diagram. The multiscale model of the PC includes a
macroscale finite-element mesh with representative volume elements (RVEs) of

microscale fiber networks and neo-Hookean matrix.
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Figure 2.3: Finite-element meshes and representative networks. (A) The isolated PC
model was populated with circumferentially-aligned Delaunay networks and indented with
an indenter of diameter 250pm. (B) The epidermis and dermis PC models were populated
with circumferentially-aligned Delaunay networks in the PC elements (red) and
transversely isotropic Delaunay networks in the skin elements (gold). Single nodes on the

surface of the meshes were indented.
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Figure 2.4: Comparison between model and experiments [7]. (A) Rapid, nonlinear drop
in displacement with distance from the indenter site observed experimentally (green
circles, from Giiglii) is matched by the current model (red triangles, solid line) but not by
a linear elastic model (blue squares, dotted line; from Giiclii). (B) To visualize the
nonlinearity, lines were drawn to represent the initial (first column) and final (second
column) of the nodes in the indentation experiment. The multiscale model (third column)
matched the experimental data much better than the linear elastic model (fourth column).
These results confirm Giiglii’s observation that a linear elastic model cannot capture the
response of the PC and demonstrate the ability of a structurally-motivated anisotropic

model to do so.
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Figure 2.5: Von Mises stress in isotropic and aligned network cases. Von Mises stress
along the top (surface layer) of the PC after 10 um indentations (in the +z direction) with
a 250um diameter indenter for simulations run with isotropic networks (left) or
circumferentially-aligned networks (right). The isotropic network case shows higher stress

around the indenter than that shown in the aligned network case.
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Figure 2.6: Long-axis strain in isotropic and aligned network cases. The strain along
the long axis of the PC was calculated after 25 steps of 1 um indentation. The cases of
circumferentially-aligned (red squares) network and isotropic (blue circles) networks are
shown. While the long-axis strain increases monotonically with indentation into the PC in
both network cases, the isotropic network case showed higher strain than the aligned

network case.
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Figure 2.7: PC long-axis strain resulting from surface indentation at various nodes.

Surface indentation sensitivity plot showing the long-axis strain along the PC resulting

from 10 um indentation at various nodes along the surface of the epidermis (left) and

dermis (right) models. The dotted black line indicates the position of a quarter of the PC

beneath the surface of the skin. The solid black line on the epidermis plot indicates the

contour line for zero strain, which is the strain value below which the neurite would not be

expected to respond to indentation.
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Figure 2.8: Von Mises strain resulting from surface indentation at different locations.
The Von Mises strain (millistrain) at each element in the epidermis (top) and dermis
(bottom) cases calculated after 10 um indentation at three different locations on the surface
(750 pm down the short axis of the PC, directly above the center of the PC, 750 um down
the long axis of the PC). The green arrows indicate the location of indentation. The large-
strain region around the indenter reaches the epidermally-located PC but does not penetrate
to the depth of the dermally-located PC. Only one quarter of the embedded PC mesh is

shown due to symmetry.
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Figure 2.9: PC long-axis strain for horizontal and vertical PC alignment in skin mesh.
Surface indentation sensitivity plot showing the long-axis strain along the PC resulting
from 10 um indentation at various nodes along the surface of the skin in a PC oriented with
its long axis parallel to the surface of the skin (left, Horizontal) and its long axis
perpendicular to the surface of the skin (right, Vertical). Both models contain a dermally-
embedded PC. The dotted black line indicates the position of a quarter of the PC beneath

the surface of the skin. The scale bars indicate the long-axis strain values for each model.
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Figure 2.10: Comparison between long-axis strain and area strain. The long-axis strain
of the PC (blue circles) and the area strain of the PC (red squares) were calculated for 25

steps of 1 um indentation. Both long-axis strain and area change increase monotonically as

the PC is indented.
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CHAPTER 3: A MULTIPHYSICS MODEL OF THE

PACINIAN CORPUSCLE

The content of this chapter was previously published as a research article in the journal

Integrative Biology by Quindlen, Stolarski, Johnson, and Barocas [24].

3.1 Summary

This work combines mechanical models of the PC with an electrochemical model
of peripheral nerves to simulate the tactile response of the entire system. A three-stage
model of response to a vibratory input was developed, consisting of (1) outer core
mechanics, (2) inner core mechanics, and (3) neurite electrochemistry. The model correctly
predicts the band-pass nature of the PC’s frequency response, showing that the PC structure
can amplify oscillatory strains within its target frequency band. Specifically, strain induced
by a vibratory stimulus is amplified by a factor of 8-12 from the PC surface to the neurite.
Our results also support the hypothesis that PC rapid adaptation is affected by the lamellar
structures without requiring neuronal adaptivity. Simulated different-sized PCs showed a
shift in frequency response, suggesting that clusters of different-sized PCs could enable
more nuanced tactile encoding than uniform clusters. By modeling the PC’s mechano-to-
neural transduction, we can begin to characterize the mechanosensation of other receptors

to understand how multiple receptors interact to create our sensation of touch.
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3.2 Introduction

The specialization of cutaneous mechanoreceptors to different mechanical stimuli
is partially due to the morphology of the adventitial tissue that surrounds the afferent nerve
fiber [2]. Specifically, the inner structure of the PC (Section 1.2.1) is highly specialized to
allow response to skin motion within its frequency sensitivity range (20-1000 Hz
[2,20,21]). For example, the outermost structural zone of the PC — the outer core — contains
approximately 30 concentrically-arranged collagenous lamellae [36] that contain flat
epithelial-type cells [18]. Each pair of adjacent layers is separated by a fluid-filled layer,
which is prevented from flowing across lamellae layers by tight junctions between the
lamellar cells [18,36]. This fluid has long been hypothesized to contribute to filtering of
vibratory stimuli between the outer core and neurite [23]. The central neurite is the site of
mechanical-to-neural transduction within the PC. In response to mechanical deformation,
stretch-gated cation channels on the neurite membrane open, initiating a neural response
[131]. It has been proposed that both voltage-gated and nonvoltage-gated ion channels
participate in the transduction process [42], with mechanogated channels hypothesized to
be located near the neurite’s filopodial [43].

Because of its elegant structure and important role in the somatosensory system,
the PC has been the subject of numerous theoretical modeling efforts over the years, as
discussed in Section 1.3. This study focuses specifically on two distinct neural responses
of the PC to mechanical stimulation: band-pass filtering of oscillating stimuli [20,21] and
rapid adaptation to sustained stimuli [50]. Although such behavior is relatively easy to
capture with a functional model [105,108], and previous mechanistic models [23,32] have

shown some aspects of the band-pass behavior, the detailed filtering mechanism and the
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adaptation of the PC to steady stimuli remain open topics. Building on the work described
in Section 1.3, we aim to unify these observations via a detailed mechanistic model of PC
response to mechanical stimulation, requiring a multiphysics, multiscale approach. To our
knowledge, the current study was the first to provide a comprehensive mechanistic model
of both the mechanical and the neural response of the PC to stimulation while accounting
for the fine morphology of the neurite and the three-dimensionality of the PC. In addition
to its fundamental significance as a window into the inner workings of a component of our
tactile system, this work also lays the foundation for developing new ideas in design of
haptic feedback systems and/or neural prosthetics. Modeling the mechano-to-neural
response of the PC to a vibrotactile stimulus is a first step towards understanding
vibrotactile perception in glabrous skin, and it can provide insight into response properties
necessary for the development of haptic devices, such as stimulus detection threshold and
the distinguishability of different vibrotactile stimuli and locations [114].

The objective of this study was to address three separate aspects of PC behavior:
(1) The PC’s structure allows it to act as a band-pass filter to vibration, (2) PC size affects
the mechanical and thus the neural response of the PC, and (3) The structure of the end
organ is conducive to receptor adaptation to a sustained stimulus.

To achieve our objectives, a three-stage computational model (Figure 3.1) was
developed and used to address how the PC’s characteristic structure and morphology
govern its neural response to mechanical stimulation. The model consists of three separate
models applied in series: (1) A finite-element mechanical model of the PC’s outer core in
MATLAB, (2) A finite-element mechanical model of the inner core and neurite in
COMSOL, and (3) An electrochemical model of the neurite in NEURON. The input to
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Stage 1 is a mechanical stimulus applied to the outer surface of the PC, and the output of

Stage 3 is the neural response to that stimulus.

3.3 Methods

The three-stage model depicted in Figure 3.1 was created.

3.3.1 Stage 1: Outer core spherical shell mechanical MATLAB model

A detailed model of the lamellar layers of the PC outer core was developed to
account for fluid-solid interaction and to model the mechanical transmission of vibratory
stimuli through the outer core. Elastic shells were separated by lubricating layers, with an
incompressible core at the center. This model was developed in MATLAB and is depicted
in Figure 3.2.
3.3.1.1 Lamellar component (spherical shells)

The mechanics of the lamellae were modeled with the equations of equilibrium for
spherical shells based on classical shell theory [141]. The following conditions for
equilibrium of linear shell theory were met:

e Thin structure. Typical lamellae are ~ 0.2 um thick (cat mesentery [36]) and have
surface dimensions of microns to millimeters [18,35], so the thickness is very small
compared to the other length scales in the problem. This thinness allows the geometry
of each layer to be treated in terms of a single position (midsurface) and thickness.

e Small displacements and strains. The PC is sensitive to vibrational stimuli in the nm-
pum amplitude range [18,20,70], much smaller than the characteristic surface
dimensions of the lamellae.

o Negligible inertia. The dimensionless quantity

49



ww.oom 3.1)

for the parameter values used and frequencies of 1000 Hz, indicating that the applied
oscillations are much slower than the natural frequencies of the sphere (see Ref. [142]), so
inertia may be neglected, and the shells may be treated as in quasi-static mechanical
equilibrium.

As a further simplification of the tissue mechanics, the lamellae were approximated as
spherical shells. Since the PC is actually ellipsoidal, the spherical model represents one
limit, while the cylindrical models of Loewenstein and Skalak [23] and Biswas et al. [32]
represent the other. For each shell, force and moment balance equations were defined (Egs.
3.2-3.18). Geometric variables for each shell are depicted in Figure 3.3.

(1) Equations of equilibrium

(singN,),,+Ng, ., —(COs@)N, +Q, sing+aq,sing =0

(3.2)
(sin(pN(pg),w +Ny.p —(COS(p)N&p +Q,sinp+aq,sing=0 (3.3)
(singQ,),, +(sin@)N,, - (sin@)N, + Q, ., +aq,, sing =0 (3.4)
—(sinpM ), +M ., —(cos@)M ,, + aQ, sing =0 (3.5)
(singM )., +M,,,, —(cosp)M, —aQ, sing =0 (3.6)

where N is used to denote membrane forces, O represents shear forces, and M indicates
bending or torsional moments; the radius of the shell is @ and ¢ s the load vector.

(2) Constitutive equations

(3.7)

50



Eh

N, =——(g,, +ve
Py ) (3.8)
Eh
N,=—¢ 39
@0 2(1—V) @0 ( )
—E—h3(]( +VK)
¢ 12(1—\/2) ¢ ¢ (310)
M —E—hB(K +VK_) (3.11)
Coa-vyhy T '
EW’
= K 3.12
7 120+v) ¥ (3.12)

where £ is shell thickness, Eis Young’s Modulus, v is Poisson’s ratio, €signifies the
membrane strain tensor, and x is the curvature tensor.

(3) Kinematic equations

Epp =é(u¢,¢+un) (3.13)
£, = R%(ug,g +(cos@)u, +(sing)u, ) (3.14)
£, =lu9,¢+L(u¢,9 —(cos@)u,) (3.15)
a R,
=), (3.16)

1 ‘ cos
K, = _F(un’e —(sin@)u,)., _T(p(u"’q’ _u‘p)
; arR, (3.17)

1

. 1 CcosQ .
Kq;(} = _{__ |:R_ (un ’0 _(Sln §0)u9) 0 _a? (un ) —l/lq)),a +?(l/{n ’0 _(SIH (p)uf) )}
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(3.18)

51



R =asing (3.19)
and the components of the displacement vector are «,,4,, and u, (Figure 3.3).

3.3.1.2 Interlamellar fluid component
The behavior of the inter-lamellar fluid was modeled using Eq. 3.20, which
describes fluid flow through a thin layer on a spherical surface. The lubrication

approximation was used because of very thin geometry.

3
sin(pﬁ—%i(l_] sin<pa—p)=0 (3.20)
ot r op 12u oQ

where ¢ is angle measured from the vertical, H is fluid layer thickness, r is fluid layer

centerline radial position, u is fluid viscosity, and p is fluid pressure.

3.3.1.3 Fluid-lamellae coupling
Consider a series of lamellar shells (k = 0 to N) with interspersed fluid layers (m =
1 to N), with fluid layer m separating lamellae m-1 and m, and lamella k separating fluid
layers k and k+1. Lamella 0 borders the inner core, to be discussed separately, and lamella
N is the outer surface of the structure. Under the assumptions of linearity and negligible
inertia, shell k must always be at equilibrium with the fluid layers above and below it, and
the problem is linear, so when the mechanical equilibrium equations are discretized via
finite-elements, the resulting equation can be expressed as
Au* + B - B =0 (3.21)
where A represents a linear spatial differential operator describing the lamellae and the B’s
result from the fluid pressure in the surrounding fluid domain. In the fluid layer, since the

pressure field depends on the velocity of the lamellae via dH /dt and the equations are
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again linear in in p and v and the amplitude of the oscillation is small enough that the H’
term may be treated as a constant, we have
Cmiy™h . eV + DTpM =0 (3.22)

where C and D are likewise linear. For a forcing frequency m, we can postulate a solution

of the form
u = ugsinmt + u.cosmt (3.23)
p = pssinmt + pccostmt (3.24)
which implies that
v = ouscostot + (-m)ucsinot (3.25)

Substituting into the original equations and grouping sine and cosine terms gives

A+ B p - Bp =0 (3.26)
Afuf + B - B pEt =0 (3.27)
(-0) C™u ™! - (o) C™u,™ + D™p™ =0 (3.28)
o C™ 'y - o C™u™ + Dp" =0 (3.29)

which can then be solved for the p’s and u’s simultaneously. For example, in the case of
two lamellae (0 and 1) and one fluid layer (1), the equations would be as follows:
A’ 0 -B° 0 0 0

0 A° 0 -B° 0 0 U
0 -wC’ D' 0 0 wC! 2

=f
wC’ 0 0 D' -wC" 0 p:
0 0 B' 0 Al 0 i
0 0 0 B 0 A

(3.30)
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where f, the right-hand-side vector, is zero except for any non-zero boundary conditions (if
f is zero, the solution is the trivial solution that u = v = p = 0 everywhere). The non-zero
terms in f are tied to stimulus functions.

The solution of this system by the standard Galerkin finite-element method gives u
and p as a function of position (from the finite-element basis functions and nodal values)
and time (from the sine and cosine dependences in Eq. 3.25).
3.3.1.4 Parameter selection

Two parameter sets (Table 3.1) were considered based on the work of Lowenstein
and Skalak [23] (henceforth LS) and Biswas et al. [32] (henceforth BMS, including
examining different fluid viscosities). Pressure was applied to the surface of the outer shell

(from @ = 0° to 90°) using a pressure field of the form

p(p.1)= sin(wr) (3.31)

%+ cos(2p)

This form was selected so as to integrate to zero over the sphere’s surface and thus
ignore purely hydrostatic contributions. The pressure was applied to the outer surface at
frequencies from 10 Hz to 100 MHz. It is important to note that while outside both the
normal detection range of the PC and assumptions of the current model, the upper bound
of the applied frequency was necessary to simulate the model’s response when LS
parameters were used. After initial analysis, the BMS parameters were chosen for use in
subsequent simulations. Thus, the elastic modulus of each lamella was 1 kPa, and the fluid
viscosity was 1.4 mPa-s. The thickness of each lamellar layer was set at increasing values
between 0.1 and 0.4 um using a Weibull function, as suggested by Biswas et al. [32]. The

number of shells was set at 30 [18,36], except for simulations in which the PC size varied.
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3.3.1.5 Sustained pressure simulations
The PC response to steady pressure was simulated by applying square wave
displacements to the outer shell. PC simulations were run at sinusoidal inputs of 0.5 Hz,1.5

Hz, ..., 1000.5 Hz. The resulting displacements (u) of the inner and outer shells at each

frequency were summed according to Eq. 3.32 to obtain the resulting displacements (A)

from a square wave indentation.

A(r) = 4 E u, sin(2m ft) +u, cos(27 ft)

2, 27 (3.32)

3.3.2 Stage 2: Inner core and neurite mechanical COMSOL model

Inner core and neurite simulations were performed on the COMSOL finite element
platform using the Solid Mechanics interface and a Frequency Domain study to compute
neurite mechanics in response to vibrations from the innermost shell in Stage 1.

The inner core was modeled as a 600 um sphere of material. The neurite was
modeled as a cylinder with length 600 um and diameter 3 pm [35]. The neurite had a
bulbous ending with a diameter of 10 um at the distal end to represent the geometry of the
ultra-terminal portion of the neurite. Five filopodia (2 central, 3 distal) were attached to the
neurite as shown in Figure 3.4. Each filopodium was modeled with a length of 1.6 pm and
a diameter of 0.6 um [18]. The domain was discretized into 153,803 tetrahedral linear finite
elements.

The neurite domain was modeled as an isotropic linearly elastic material with a
Young’s modulus of 7kPa [143], Poisson’s ratio of 0.49, and density of 1000 kg/m’. The
inner core domain was specified to be 100 times stiffer than the neurite, as no values for

the stiffness of the tightly-packed inner core are reported in the literature. Damping was
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modeled by an isotropic loss factor of 0.2. The inner core’s outer boundary received a
prescribed displacement equal to that of the innermost shell in Stage 1. Simulations were
run at 10-1000 Hz. The first principal strains at the base of each filopodium were measured

at each phase of indentation for the COMSOL simulations at various frequencies.

3.3.3 Stage 3: Electrochemical neurite model

NEURON is a simulation environment that can be used to model single neurons or
networks of cells. A topological model of the finite-element neurite modeled in COMSOL
was constructed in NEURON. The geometry of the neurite included four structural groups:

(1) Region A: five filopodia (three distal, two central), modeled as dendrites,

(2) Region B: a neurite along the inner core of the PC, modeled as two somas

connected at the two central filopodia,

(3) Region C: a bulbous soma at the ultra-terminal portion of the neurite, and

(4) Region D: the neurite’s spike initiation zone, modeled as an axon.

The model parameters are found in Table 3.2. The topology of the NEURON model
can be seen in Figure 3.5. The spatial grid listed in Table 3.2 was used. A mesh convergence
study was performed, and it was found that a tenfold refinement produced less than a 1%
change in the computed firing rate, so the mesh was deemed sufficiently refined.

Hodgkin-Huxley channels were inserted into Regions A and C, as both voltage-
gated and nonvoltage-gated channels have been located in PCs and may be involved in
mechanotransduction [40,42]. The sodium channel conductance in Region A was set to
0.12 S/cm? the default in NEURON. The sodium channel conductance in Region B was
set to vary from 0.12 S/cm” at the proximal end to 0.24 S/cm” at its connection to Region

C to represent an increase in channel density.
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Point process current clamps were inserted at the base of each of the five filopodia
(Region D) (Figure 3.6A). The opening of stretch-gated cation channels resulting from
strain at the base of each filopodium was approximated by an increase in injected current.
Strains at the base of each filopodium were obtained from the COMSOL simulations
(Figures 3.6B and 3.6C). Absent direct information about PC cation channels,
mechanotransducer currents from rat DRG sensory neurons [144] were used. A sigmoidal
curve of activation (Figure 3.6D) was constructed based on the activation time constants
of a rapidly relaxing current [144]. The first principal strain at the base of each filopodium
during one oscillation at 120 Hz is shown in Figure 3.6C, and the resulting channel
activation is shown in Figure 3.6E. The sigmoid function output was inserted as current at
the base of the corresponding filopodium in the NEURON model at the indentation
frequency.

Simulations were run in NEURON (Version 7.3) for 1000 ms with a time step of
25 ps. The resting membrane potential was initiated to NEURON’s default of -65 mV for

each simulation. The membrane potential was recorded at the promixal end of the axon.

3.4 Results

Simulations were run at frequencies spanning 10 Hz - 100 MHz to observe the
effect of varying the input frequency in a sinusoidal oscillation applied to the PC’s outer
surface. The three-stage model was then used to explore the effect of PC size on the
transmission and encoding of vibratory stimuli, and finally to predict the response to a

sustained stimulus.
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3.4.1 Frequency sweep
3.4.1.1 Stage 1

It has been suggested [18,23] that interaction between fluid and lamellae in the PC’s
outer core is responsible for the PC’s role as a high-pass filter to vibrations. A detailed
mechanical model of the alternating fluid and lamellar layers in the outer core was
developed. The Stage 1 model contained 30 layers of concentric spherical shells separated
by thin lubricating fluid layers.

Sinusoidal oscillations applied to the outer surface of the Stage 1 model caused the
inner shell to strain in a frequency-dependent manner (Figure 3.7A). Two different sets of
parameters were considered: those from the classic work of Loewenstein and Skalak [23]
(LS), and those from more recent analysis by Biswas, Manivannan, and Srinivasan [32]
(BMS). Simulations run using the BMS parameters resulted in peak strains within the
frequency range of PC sensitivity [18,20], with the peak shifting to lower frequencies with
increasing fluid viscosity. Simulations run using the LS parameters peaked at a frequency
outside of the PC sensitivity range. All subsequent simulations were run using BMS
parameters and a fluid viscosity of 1.4 mPa-s.

The deformation of each shell layer was recorded. Figure 3.7B shows the
deformation of five representative shells at maximum displacement during a 150 Hz
simulation. Although the displacements are smaller for more central layers, the relative
displacement is largest near the core. This effect is quantified in Figure 3.7C, which shows
that the radial stretch (Ar/r,) of shells increased with proximity to the inner core fora 1 um
amplitude vibration at 150 Hz. Thus, at the optimal frequencies for inner:outer shell

displacement, the outer portion of the PC is acting as a strain amplifier, producing roughly
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four times larger strains in the inner core than would occur in a homogenous structure. The
lamellar structure of the outer core is not merely a high-pass filter, eliminating low-
frequency information through fluid motion [23]; it also amplifies the strain in the PC’s
target frequency range.

3.4.1.2 Stage 2

A second computer model was created to account for the morphology of the PC
neurite, whose complex structure could not be captured in the spherical model of Stage 1.
A COMSOL model was created that included both the spherical inner core and an
anatomically realistic [18,35] neurite. Simulations of the inner core and neurite were
performed in COMSOL’s frequency domain mode to compute neurite mechanics in
response to vibrations of the inner core.

The inner core surface in the COMSOL model was displaced by the amount
predicted by the Stage 1 model for the innermost shell. Regions of largest strain occur near
the filopodia at the central and distal ends of the neurite (Figure 3.8), suggesting that
mechanogated cation channels at the base of the filopodial [27] would be well positioned
to transduce information about the applied deformation. At peak displacement, strain was
amplified from the inner core surface to the neurite by a factor of 2 at the bases of the
central filopodia and a factor of 3 at the bases of the distal filopodia. Thus, combining the
Stage 1 and Stage 2 model results, we see that the strain at the base of a filopodium can be

ten times larger than that at the PC’s outer surface.

3.4.1.3 Stage 3
An electrochemical model was created in NEURON to convert the strain on the

neurite membrane into the opening of stretch-gated cation channels located at the filopodial
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bases, and the firing rate in response to current injection gated by the Stage 2 neurite strains
was calculated. Bolanowski and Zwislocki’s experimental firing rates recorded from PCs
stimulated with sinusoidal indentations at increasing displacement [20] are shown opposite
simulated neurite firing rates from the Stage 3 model (Figures 3.9A and 3.9B). The
displacement range between the tuning and response thresholds increased with indentation
frequency in experiments by Bolanowski and Zwislocki (Figure 3.9C) and simulations
(Figure 3.9D). In both experiments and simulations, low frequency indentations required
the highest amplitudes to elicit action potentials, with intermediate and high frequencies
requiring smaller amplitudes. Simulations showed peak sensitivity (i.e., response to the
smallest amplitude stimuli) at 150 Hz, which was also the indentation frequency that
produced the largest neurite strains in Stage 2. The sensitivity of the model PC at
intermediate frequencies could be adjusted further to match Bolanowski and Zwislocki’s
data by varying, e.g., interlamellar fluid viscosity, lamellar stiffness, and number of
lamellae. We chose not to do so in the current study because of the relatively small amount

of experimental data and our desire to capture the general trend instead of one specific PC.

3.4.2 PC size sweep

Stage 1 model simulations were run for spheres of 2 to 30 layers, and the radius of
the simulated spherical PC increased with the number of layers. The strain transmitted
through the lamellar layers is shown for different frequencies and PC sizes in Figure 3.10A.
As the number of layers increased, the peak amplification factor increased, and the
frequency at peak amplification shifted to the right (Figure 3.10B). The difference in
amplification could potentially allow a cluster of different-sized PCs to encode more

amplitude information (because different PCs would have different sensitivity) and/or
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more frequency information (because of different peak frequencies) than a single PC or a
cluster of identical and therefore redundant PCs.

A more detailed view of the difference in response can be seen in Figures 3.10C
and 3.10D, which show phase plots of inner shell vs. outer shell displacement for two PC
sizes (20 and 30 shells) during 100 Hz and 1 kHz simulations. For a purely elastic system,
the inner and outer shell displacements would be in phase, and the plot would be a line; a
more circular plot indicates a greater role of interlamellar fluid viscosity and more energy
dissipation. In the 100 Hz — 1 kHz frequency regime, higher frequency (Figure 3.10D vs.
3.10C) leads to a more elastic response, and adding more layers increases the viscous
effect. Our results for 100 Hz vs. 1kHz (Figures 3.10C and 3.10D), are consistent with
those of the previous model by Biswas et al., in which the PC stiffness increased with
increasing frequency, as indicated by a lower lamellar compliance [32].

3.4.3 Sustained indentation

To simulate sustained pressure, square wave displacements were generated via a
Fourier series and applied to the Stage 1 model. The outer shell was stimulated by a square
wave with a period of 2 s (as seen in Figure 3.11A). In response, the inner shell of the PC
showed large displacements at the onset and offset of the square wave, as seen in Figures
3.11B and 3.11C. Thus, the PC adapts mechanically in response to the sustained pressure,
as the inner core is displaced only during onset and offset of the stimulus, as seen
experimentally [50]. The mechanical displacements from square wave indentation were
passed through Stages 2-3 of the model, which resulted in action potentials only at stimulus

onset and offset, reproducing the rapid adaptation seen in the literature [11].
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3.5 Discussion

The major contribution of this work is a comprehensive model that includes the entire
mechanotransduction process of the PC by combining three stages that deal with specific
components of the process, simulating PC response to both vibratory and sustained
indentation, and accounting both for PC core structure and neurite morphology. A unique
aspect of this work is the focus on the mechanical properties and a realistic anatomical
description, including the three-dimensional structure of the outer core, the neurite, and the
neurite’s filopodia. The focus on three-dimensional structure sets this model apart from
previous studies [23,32], as our model includes the neurite morphology and represents the
outer core as a series of spheres, rather than as a series of cylinders. While the shape of the
PC is more ellipsoidal than spherical, it has been shown that the ellipsoidal shape alone
does not affect the displacement through the PC in static indentation simulations [109].
Therefore, it is likely that modeling concentric ellipsoidal instead of spherical shells in
Stage 1 will not have a large effect on the overall results of the current study. Another key
advantage of this model is that it provides insight into two key factors that are integral to
the PC’s transduction process (lamellar compression and neurite strain). By integrating
three distinct and detailed stages describing individual components hypothesized to play a
role in transduction, we were able to assess the importance of various factors while also
simulating the entire transformation of a mechanical input into a neural output.

A 10 Hz — 1 kHz frequency sweep was performed for all three stages of the model,
extending to 100 MHz in Stage 1. In Stage 1, we identified how a vibratory displacement
was transmitted from the outer to the inner shell and observed how these results changed

with PC size and mechanical properties (Figures 3.7A and 3.10A). In Stage 2, we simulated
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the strain at the base of five filopodia on the neurite surface (Figures 3.6B and 3.8). In
Stage 3, we performed a frequency sweep while also adjusting stimulus amplitude and
calculated the resulting action potential firing rates (Figure 3.9B). Lamellar compression,
neurite strain, and spiking sensitivity peaked in the 120-150 Hz range for the selected
mechanical properties. This frequency range can be adjusted by varying mechanical and
geometric properties in the simulations. The Stage 1 frequency sweep results show that
incorporating the layered PC structure introduces the band-pass filtering response, as
suggested previously [23], and that increasing the number of layers in the outer core
increases filter sensitivity (Figure 3.10A). This study suggests that it is not only the
presence of fluid and shells but also the three-dimensional geometry and the interaction
between adjacent layers that allow for stretch amplification in layers closer to the core and
the subsequent activation of mechanogated channels on the neurite.

Our model also provides insight into how the interaction between lamellae and the
interlamellar fluid affects the PC’s mechanical response, suggesting that three mechanical
regimes arise. At low stimulation frequency, only the outer shells move in response to
indentation, and the inner shells do not move. At the other extreme of very high stimulation
frequency, fluid viscosity causes the entire structure to deform with no phase shift, with
this effect becoming more pronounced with the number of layers (Figure 3.10D). In the
middle regime, viscosity plays an important role as it transmits pressure between adjacent
shells and causes a phase shift between the inner and outer shells (Figure 3.10C). These
results are in agreement with those of Biswas et al. [32], in which the phase response moves

towards 90° in the middle frequency regime (1-50 Hz) and decreases at lower and higher
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frequencies. In addition, Biswas et al.’s results also show that phase shift increases with
increasing number of shells.

A unique feature of this model is the quantification of strain amplification from the PC
surface to the location of mechanogated channels on the neurite and the three-dimensional
distribution of this strain. Strain was amplified by a factor of 4 from the PC outer shell to
the inner shell in Stage 1 and is again amplified by a factor of 2-3 from the inner shell to
the neurite surface. Thus, PC strain amplification from the surface to the location of
mechanogated cation channels occurs by a factor of 8-12. The magnitude of strain
amplification is affected by factors such as PC size (Figure 3.10A) and location of
mechanogated channels on the neurite surface (Figure 3.8 A). These results, combined with
the high sensitivity of mechanogated channels [145], help explain how the PC, with a
length scale on the order of millimeters, is sensitive to vibrations in the nm-pm amplitude
range [18,20,70].

The PC is typically found within glabrous skin and subcutaneous tissue [18]. The
current study focused on an isolated PC, as no electrophysiological data currently exist for
PCs embedded within their native tissue. It is important, however, to consider the PC’s
location within the skin to understand how the surrounding tissue influences the PC’s
response to tactile stimuli, which has been the focus of previous studies [30,115,146,147].
Quindlen et al. [115] modeled the effect of embedding the PC within skin at different depth
levels (dermis vs. epidermis) during static indentation and concluded that the PC’s depth
contributes to the size of its receptive field, with deeper PCs exhibiting larger receptive
fields and thus lower special sensitivity. Embedding our three-stage model within a skin

model would affect the stimulus amplitude delivered to the PC surface and provide insight
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into the neural response to varying the spatial location of the vibrotactile stimulus. Other
studies [148] have investigated the propagation of vibrations and found that information
about a vibrotactile stimulus is transmitted across the surface of the hand. The current
model could be combined with a model of skin mechanics to simulate the propagation of
mechanical waves both across the surface of skin and into the depth of skin to study how
spatially-distributed PCs respond to a vibrotactile stimulus.

The distribution and number of PCs can vary among species [18,34] and among
individuals within species [17]. The shape and size of PCs can also vary between
anatomical locations and with age [16—18]. Our study indicates that as the PC increases in
size (e.g., with increased age [16]), which is modeled by the addition of new lamellae [16],
its ability to amplify strain increases (Figure 3.10B). The filtering properties of the
simulated PC also change, as its pass band also widens with increasing size, consistent with
previous theoretical studies [32]. Additionally, PCs can be found in clusters of multiple
receptors, which can result in overlap between receptive fields [81], and the receptors
within a cluster may have different sizes (Figure 3.1B). Experiments on isolated PCs [149]
concluded that activity from more than one PC may be required to reach a psychological
threshold, suggesting that the distribution of sensitivities within a population of PCs would
determine the overall response of the group. Our results indicate that clustering PCs of
different sizes would result in a population of various sensitivities. For example, our
simulations (Figures 3.10A and 3.10B) suggest that adjacent PCs consisting of 20 and 30
shells would result in a pairing of receptors most sensitive to 50 and 120 Hz vibrations,
respectively. Clustering of different sized PCs may be an efficient way to send information

about a complex vibratory stimulus and may improve cutaneous sensation. PCs in a cluster
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are typically aligned along the same long axis [18], further suggesting that a cluster of PCs
may work together to sense different components of a complex stimulus rather than
functioning individually to detect different stimuli. Likewise, difference in PC size across
clusters may also result in more nuanced tactile encoding. It is important to recognize that
the model presented in this study does not simulate the propagation of neural activity
between higher order neurons; therefore, our model simulates the strain experienced by the
nerve fiber of the first order neuron that innervates a single PC and does not simulate the
complex integration of neural activity within a cluster. While simulating the collective
neural activity and signal processing of a cluster of PCs would require a more complex,
higher-order model, the results of this study suggest a possible reason why a cluster may
contain PCs of different shapes and sizes and how the inhomogeneity may affect the
information encoded in a vibrotactile stimulus.

In the current study, mechanogated channels were assumed to open in response to
increased strain, causing an influx of cations and neurite depolarization. Previous studies
have used various microscopy techniques to analyze cytoplasmic protrusions (filopodia)
on the terminal portion of the neurite and have identified structural differences between the
filopodia and the rest of the neurite [43—46]. These findings have led to the suggestion that
different physiological processes may occur in the filopodia and that they may be the site
of mechanotransduction on the neurite [43]. Filopodia are also located in other rapidly-
adapting receptors, such as Meissner corpuscles and muscle spindles [18]. While it has
been hypothesized [43] that filopodia are the sites of mechanoelectric conversion, it is
unknown exactly how this process occurs. The presence of actin in filopodia draws a

parallel to the stereocilia of inner ear hair cells [43] and supports the hypothesis that
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filopodia are mechanotransduction sites in the PC [27]. Experiments have also identified
voltage-gated sodium channels [40] and an abundance of mitochondria [48] located on and
at the base of filopodia, suggesting that this region of the neurite can support action
potentials. In the present study, we hypothesized that mechanogated channels were
localized to the base of the neurite’s filopodia rather than distributed along the entire length
of the neurite due to published micrographs [43] that suggest this localization. We placed
three filopodia at the terminal region of the neurite and two filopodia jutting into the cleft
at the central region of the neurite [ 18,45]. The resulting high strains at the filopodial bases
in Stage 2 simulations (Figure 3.8A) suggest that filopodia may be amplifying strain, so
mechanogated channels at the filopodial base may be well positioned for
mechanotransduction. Incorporating the detailed morphology of the neurite in our model
allows us to observe the mechanical influence of the filopodia and its effect on the neurite
strain, which governs the behavior of the mechanogated channels in our NEURON model
and thus the simulated neural response to mechanical inputs.

Loewenstein and Mendelson [11] removed most of the capsule from isolated PCs and
observed that the bare PC behaved as a slowly adapting receptor. They hypothesized that
the PC’s rapidly adapting response was purely a result of the mechanical properties of the
capsule. More recent experiments by Pawson et al. [27] on isolated PCs have shown the
receptor’s characteristic rapid adaptation may be more than a purely mechanical effect and
may involve chemical interactions between neurotransmitters since the application of
GABA receptor antagonists resulted in action potential firing during a sustained pressure,
while the application of glutamate receptor antagonists resulted in a decrease in the number

of static spikes. Pawson et al. hypothesized a mechanochemical response in which GABA
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is released from the modified Schwann cells of the PC inner core at stimulus onset to inhibit
glutamatergic excitation. Our results show that a sustained stimulus is transmitted through
the PC’s lamellae to the inner core at the stimulus onset and offset, but the inner core
recovers rapidly to its original configuration. When a sustained stimulus was passed
through our entire three-stage model, neural spiking occurred only at the onset and offset
of the stimulus, with spiking occurring throughout the entire stimulus in a decapsulated
model. While these are purely mechanical results that confirm the rapidly adapting
properties of the PC, it is also possible that a mechanochemical process exists. Our study
focuses on the role of the mechanogated channels in the PC’s response to vibratory and
sustained indentation, but it is possible that glutamate release could cause the PC to fire
action potentials during a sustained stimulus.

While this work focuses on the role of mechanogated cation channels located at the
filopodial bases, other ion channels may also play a role in the PC’s mechano-to-neural
transduction. Specifically, ion channels located on the non-neuronal cells of the PC’s inner
core may be involved in the transduction process. Acid-sensing ion channels (ASICs),
which belong to the degenerin/epithelial sodium channel (DEG/ENaC) superfamily and
are non-voltage gated channels, are expressed in sensory neurons and have been proposed
to play a role in mechanotransduction [42,150-152]. Previous immunohistochemical
studies have investigated the presence of ASICs in PCs and found ASIC1 protein
expression in the neurites of human PCs [153] and ASIC2 expression in the neurites and
inner core lamellar cells of human and murine PCs [152—154]. ASIC2 has also been
detected in human Merkel cells and Meissner corpuscles [154]. The role of ASIC2 in PC

mechano-to-neural transduction remains unclear. While ASIC2 knockout has not been
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shown to significantly alter cutaneous mechanosensation in mice [155], the presence of
ASIC2 in low-threshold mechanoreceptors suggests a role in mechanotransduction [154].
In addition, immunocytochemical studies have detected voltage-gated sodium and
potassium channels [40] and positive labeling for glutamate and glutamate receptors [26]
on the inner core lamellar cells of the cat PC. In this study, we treated the lamellae of the
PC capsule as purely mechanical components. However, the localization of ASIC2,
voltage-gated channels, and glutamate on the non-neuronal cells of the inner core suggest
a possible chemical involvement of the inner core in mechanotransduction.

The quantified neural output in the Stage 3 model is the mean action potential firing
rate resulting from the opening of mechanogated cation channels, which is simulated by an
injection of positive current into the neurite membrane proportional to the first principal
strain measured at that location. The mean firing rate was selected as the measured output
parameter due to the availability of firing rates measured in isolated PCs in the literature.
Experimental PC firing rates in response to mechanical vibrations can approach 2X the
stimulus frequency at high indentation amplitudes [20]. This plateau at a 2:1 firing rate is
not predicted in the current model, suggesting that there are other features of the PC
response beyond those captured in the current model. In addition, experimental PC spiking
is probabilistic and thus it is important to note that the model created in this study is fully
deterministic, and stochastic variations could be introduced to capture the probabilistic
nature of the physiological response of the PC. Other studies [21] have recorded the
receptor potentials of isolated PCs during sinusoidal vibrations, which were not addressed
in the current study but can provide information about optimal NEURON parameters for a

model of the PC neurite. There are other factors, such as the refractory period and temporal
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precision of PC afferent neural spiking, that have been the focus of other studies [104,106]
that aim to more accurately reproduce the PC’s entrainment to vibratory stimuli and model
the temporal components of the resulting action potentials. In addition, the values for
sodium channel conductance and resting membrane voltage in this model were set to the
default parameter values in NEURON, which are based on the squid giant axon [41]. The
usage of squid axon parameters as opposed to those of a mammalian neuron is a limitation
of the Stage 3 model. The Stage 3 model is a conceptual model used to tie the mechanical
contribution of the lamellae and neurite to the neural activity of the PC and could be further
improved by including channel and membrane properties more similar to those of the
mammalian PC neurite as such data become known. The model created in this study was a
simple model created to measure the PC’s firing rate and more complex neural phenomena
can be analyzed into a future, larger study of PC firing.
3.6 Conclusions

The three-stage model developed in this study provides information about how
mechanical properties, outer core structure, three-dimensional neurite morphology, and
mechanogated channel activation play a role in the mechano-to-neural transduction of the
PC. By addressing each component separately, we identified key aspects that affect the
receptor’s sensitivity. By addressing the components as a whole, we simulated the entire
process in which a mechanical stimulus is transduced into a neural response within a single
PC. By understanding this process in the PC, we can also begin to characterize the
mechanosensation of other receptors and nerve endings and to explore how hundreds of
receptors in a single hand interact to send detailed sensory feedback to our somatosensory

cortex and create our sensation of touch.
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Table 3.1: Stage 1 shell and fluid parameters

LS [23] BMS [32]

Elastic Modulus (Pa) 5e5 le3

Lamellae Thickness (um) 1 0.1-0.4

Viscosity (mPa-s) 1 1.4,3.5,7

Reference Loewenstein  and | Biswas, Manivannan, and
Skalak (1966) Srinivasan (2015)
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Table 3.2: Stage 3 topological parameters

Region | Section Structure | Parameter Value Used | Reference
A Filopodia | Dendrite | Total number |5
Length 1.6 um Bell et al. (1994)
Diameter 0.6 um Bell et al. (1994)
Number of | 1
segments
B Terminal | Soma Total number | 2
region of Length 300 um Quilliam and Sato (1955)
neurite Diameter 3 um Quilliam and Sato (1955)
Number of | 4
segments
C Ultra- Soma Total number | 1
terminal Length 10 pm Quilliam and Sato (1955)
bulbous Diameter 10 um Quilliam and Sato (1955)
ending Number of | 1
segments
D Spike- Axon Total number | 1
initiating Length 247 pym Quilliam and Sato (1955)
zone Diameter 5.8 um Quilliam and Sato (1955)
Number of | 4
segments
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A Stage 1: PC Outer Shells B  Stage 2: PC Inner Core C Stage 3: Neurite
and Neurite Response

Figure 3.1: Schematic of three-stage model. (A) The PC outer shell (base image obtained
from Ref. [156]) was mechanically stimulated (red), and inner core displacements (circled
in blue) were obtained. (B) The PC inner core was stimulated (red) with the output of Stage
1, and neurite strains (circled in blue) were obtained. (C) Neurite stretches from Stage 2
(red) were used to control ion channel dynamics in a neural model, and action potentials

(blue) were measured.
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LAMELLAE
(SHELLS)

Figure 3.2: PC Sketch and Model Representation of the outer core. The PC in the
model was represented as a series of shells (lamellae) with lubricating fluid in between

each layer to account for the PC lamellar organization (left, base image obtained from Ref.

[156]).
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Figure 3.3: Stage 1 model. Variables used in Egs. 3.2-3.19 to describe the geometry of

each shell in the Stage 1 model.
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Proximal €<—> Distal

Figure 3.4: Stage 2 model. Inner core model from COMSOL, with areas of the neurite

and its central and distal segments in detail.
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100 ym

Proximal €<—> Distal

Figure 3.5: Stage 3 model. The topological connections of the spike-initiating zone (blue),
terminal region of neurite (red), and ultra-terminal bulbous ending (green) used in the
NEURON model. The terminal region of the neurite, including its distal filopodia (black)

are shown in detail.
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Figure 3.6: First principal strain to current conversion. (A) Neurite geometry from
COMSOL with the five filopodia labeled F1-F5 for labeling in subsequent figures. (B)
Maximum first principal strain at the base of each filopodium labeled in (A) at various
indentation frequencies. (C) First principal strain at the base of each of the five filopoia
during one oscillation of indentation for a 120 Hz simulation. (D) Sigmoid used to convert
first principal strain into mechanically-transduced currents (percentage of maximum

current). (E) Currents obtained for the 120 Hz simulation in (C).
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Figure 3.7: Stage 1 frequency variability results. (A) Ratio of the maximum radial strain

for the innermost to outermost shells vs. frequency. Strain was calculated as Ar/r, at the
innermost and outermost shell, where Ar is the maximum displacement and is 7, the

original radius of the shell. Simulations run using BMS parameters resulted in peaks in the
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frequency range of PC sensitivity, with the peak shifting to lower frequencies with
increasing fluid viscosity. BMS simulations were run with viscosities of 1.4, 3.5, and 7.0
mPa-s. (B) Undeformed and deformed geometries of five shells. Shells 1, 8, 16, 23, 30
(distance from the core increases with increasing shell number) were plotted at peak
displacement for 1.4 mPa-s viscosity simulations at 150 Hz. For visualization purposes, all
displacements were artificially increased by a factor of 30. PC deformation had a larger
effect on shape for layers closer to the core. (C) Radial stretch for five shells vs. angle ¢
measured from the indentation point (“POLE”). In the assumed spherical geometry, ¢ = 0
is the indentation point (“POLE”) and ¢ = m/2 is the band around the sphere
(“EQUATOR?”). Deformation to the PC surface resulted in larger magnitudes of stretch in
shells closer to its center. The radial stretches are plotted for the layers shown in (B) at

peak displacement in a 150 Hz simulation with 1 pm indentation amplitude.
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Figure 3.8: Stage 2 results at peak displacement in a 150 Hz simulation. (A) First
principal strain along the surface of the neurite. A region of higher strain is located at the
base of the filopodia. The strain is plotted at peak displacement in a 150 Hz simulation. (B)
First principal strain on the inner core + neurite model. The strain is plotted from the same

simulation as in (A). (C) Values of strain at the locations indicated in (A).
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Figure 3.9: Stage 3 frequency sweep results. (A) Experimental [20] and (B) simulated
neurite firing rates resulting from displacements at various frequencies. The data sets were
color-coded so that the peak frequency (Experiment: 300 Hz, Simulation: 150 Hz) is
orange. Amplitude is reported as displacement in dB relative to a 1 pm indentation. (C)
Experimental [20] and (D) simulated firing rates obtained from (A) and (B). C and D show
the Response Threshold (blue, the displacement at which the firing rate was greater than
zero) and the Tuning Threshold (red, the displacement at which the firing rate was equal

to the indentation frequency).
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Figure 3.10: Stage 1 size sweep results. (A) Ratio of innermost to outermost maximum

radial strain vs. frequency for spheres of 2-30 shells. Strain was calculated as Ar/r, at the
innermost and outermost shell, where Ar is the maximum displacement and is r, the

original radius of the shell. (B) Peak strain ratio (green) and frequency (purple) at peak
strain ratio for spheres of 10-30 shells. (C-D) Phase space diagrams of 20 (red) and 30
(blue) shelled spheres during (C) 100 Hz and (D) 1 kHz simulations. Inner and outer shell

displacements are reported in arbitrary units.
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Figure 3.11: Stage 1 square wave indentation results. (A) Outer and (B) inner shell
displacements in square wave simulations from summation of 0.5-1000.5 Hz simulations.
Down and up arrows indicate stimulus onset and offset, respectively. (C) Inner

displacement zoomed-in on stimulus onset response in (B).
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CHAPTER 4: COMPUTATIONAL PARAMETRIC
ANALYSIS OF THE MECHANICAL RESPONSE OF

STRUCTURALLY VARYING PACINIAN CORPUSCLES

The content of this chapter was previously published as a research article in the Journal

of Biomechanical Engineering by Quindlen, Schepis, Giiglii, and Barocas [33].

4.1 Summary

In this study, we sought to evaluate the relationship between the PC’s material and
geometric parameters and its response to vibration. We used a spherical finite-element
mechanical model based on shell theory and lubrication theory to model the PC’s outer
core. Specifically, we analyzed the effect of the following structural properties on the PC’s
frequency sensitivity: lamellar modulus (E), lamellar thickness (h), fluid viscosity (u), PC
outer radius (R,), and number of lamellae (N). The frequency of peak strain amplification
(henceforth “peak frequency”) and frequency range over which strain amplification
occurred (henceforth “bandwidth’) increased with lamellar modulus or lamellar thickness,
and decreased with an increase in fluid viscosity or radius. All five structural parameters

were combined into expressions for the relationship between the parameters and peak

21.605x10° N FL o1 bandwidth, B=1.747x10° N EP

frequency, o
q y uR uR

peak

Although further work is needed to understand how mechanical variability contributes to

functional variability in PCs and how factors such as PC eccentricity also affect PC
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behavior, this study provides two simple expressions that can be used to predict the impact
of structural or material changes with aging or disease on the frequency response of the

PC.

4.2 Introduction

The mechanical contributions of (1) the adjacent fluid and lamellar layers and (2)
the overall structure of the PC’s capsule have been the focus of a number of previous
models of the receptor’s response to mechanical stimuli, which is discussed in more detail
in Section 1.3. In seminal work, Loewenstein and Skalak [23] developed a mechanical
model of the PC outer core, in which the capsule was modeled as a series of elastic and
viscous cylinders. Holmes and Bell [28,29] modeled the capsule as a two-dimensional
cross section of orthotropic shells and fluid layers and coupled the hoop strain of the
receptor membrane to a receptor potential model of stretch-gated channels. Srinivasan and
co-workers [30-32] later built upon Loewenstein and Skalak’s work and adjusted the size
and number of lamellae located within the simulated PC capsule. We [24] modeled the
mechanics of the PC outer core with alternating spherical layers of elastic shells and fluid-
filled spaces and also varied the number of lamellae within the capsule. A non-lamellated
finite-element model by Giiglii et al. [109] investigated the contribution of the PC’s
ellipsoidal shape to its mechanical response under indentation and found that the shape
alone could not accurately model the PC’s static deformation. A subsequent finite-element
model [115] that accounted for the circumferentially-aligned structure of the capsule
reproduced the capsular deformation of Gii¢lii et al.’s [109] experimental data.

The aforementioned models have greatly informed us on how the structural

components of the PC’s capsule can influence its mechanics, specifically its function as a
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band-pass filter to vibrational stimuli. Increasing the number of lamellae within the PC
outer core widens the pass band of the PC’s filtering behavior and increases its ability to
amplify mechanical strain through the lamellar layers [24,32]. While the number of
lamellae in cat mesenteric PCs has been previously reported as 30 [36], this number can
vary with age as the intermediate growth zone cells become incorporated into the inner or
outer cores [36]. Specifically, the number of lamellae and the spacing between layers
increase during the first two postnatal months in the rat [49], and PCs increase in size with
age in humans until age 70, after which they begin to shrink [16]. PC size has also been
shown to vary with anatomical location within the human [17] and the monkey [34] hand.

The material properties of the capsule, specifically the elastic modulus of the
capsule’s lamellae and the viscosity of the fluid components, determine the PC’s
mechanical behavior. While these parameters, to our knowledge, have not been measured
experimentally and reported in an archival document, different values have been estimated
from other physiological systems for use in previous models. Values in the kPa range
[24,32,109,115], comparable to those of single cells and skin, and the MPa range [23],
similar to arterial wall, have been selected as the lamellar elastic moduli, and viscosities
ranging from one [157] to ten times that of water [24,32] have been used to model the fluid
component of the capsule. Previous theoretical and computational studies have shown that
increasing the fluid viscosity shifts the PC’s frequency sensitivity to lower frequencies
[24]. Thus, the geometric organization of the PC and the material properties of the
components that make up its capsule can greatly influence the receptor’s mechanical

response to vibration, which in turn affects the PC’s frequency sensitivity regime.
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Evaluating this structure-function relationship is essential to understanding the PC’s role
in our somatosensory system.

A significant challenge in the use of the models described above, including our
own, is that the complex, multiphysical nature of the problem leads to complicated
computational models that have long run times. For simulations of a single PC in isolation,
the range of possible PC structures, the range of possible PC tissue properties, and the range
of possible conditions to be studied collectively place a large demand on any computational
model. There are dozens of PCs in a single finger [17], and the PC’s large receptive range
means that many can be engaged by a single stimulus on the skin surface. If one wishes to
explore the behavior of a PC population distributed within the skin and with natural
variation in properties, it is valuable if not necessary to have available simplified
expressions for the property-dependent response of the PC. Thus, after conducting a broad
parametric study, we reduced our variable space by the formation of appropriate
dimensionless groups and fit simple expressions for the peak frequency and response

bandwidth of a PC in terms of its material and structural properties.

4.3 Methods

The overall objectives of this study were to provide a comprehensive analysis of
the PC’s mechanical response to vibrations as influenced by the material and geometric
properties of the outer core and, if possible, to generate simple expressions for the PC
response as a function of these properties. To achieve these objectives, we used a
previously-published model [24] of the mechanotransduction process within a single,

isolated PC to relate structural factors to mechanical tuning of the PC.
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4.3.1 Computational PC model

A three-stage model of the mechano-to-neural transduction process of the PC was

previously created [24] and is described in more detail in Chapter 3. Briefly, the model

simulates the neural signal that is elicited within the PC neurite in response to a vibratory

mechanical stimulus applied to the outer core. The model consists of three separate sub-

models applied in series to describe the entire process through which a mechanical input is

transduced into an electrical output:

1.

The Stage 1 model is a finite-element mechanical model of the PC outer core
created in MATLAB (Figure 4.1B). Alternating layers of fluid (modeled as
Newtonian via lubrication theory) and lamellae (modeled as linear elastic shells)
are coupled to account for the fluid-lamellar interaction in the outer core.

The Stage 2 model is a finite-element mechanical model of the PC inner core and
neurite created in COMSOL. The deformation of the innermost shell in the Stage
1 model is transferred to the outer boundary of the inner core of the Stage 2 model.
The Stage 3 model is an electrochemical model of the neurite created in NEURON.
In this model, the opening of stretch-gated cation channels on the neurite’s surface
is approximated by current injection in the electrochemical neurite model. Strains
measured on the neurite’s surface in the Stage 2 model are converted into current
by a sigmoidal function, and the current is then inserted into the corresponding
location in the Stage 3 model. The output of the Stage 3 model is the membrane
potential of the neurite resulting from the mechanical input applied to the Stage 1

model.
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The three-stage model [24] provides insight into the mechano-neural coupling that occurs
within the PC, but each individual stage can also be used independently. The Stage 2 and
Stage 3 models were not required to estimate how a surface wave is transmitted into the
PC, so only the Stage 1 model was used in the current work.

As mentioned above, the multilayer model of the PC outer core accounts for both
the lamellar layers and the fluid-filled spaces within the capsule. This model can therefore
account for the fluid-solid interaction as mechanical vibrations are transmitted through the
outer core. The PC was modeled as symmetric about the pole-to-neurite axis (in/out of the
page in Figure 4.1) and symmetric about a plane orthogonal to that axis and passing through
the neurite. The model contained an incompressible, inviscid fluid core at the center, which
was surrounded by alternating layers of elastic shells and lubricating fluid. The mechanics
of the lamellae were modeled with the equations of equilibrium for spherical shells [142],
and the fluid behavior was modeled using lubrication theory (details in [24]). The thickness
of each lamella was initially set at increasing values between 0.1 and 0.4 um using a
Weibull function [32]. The individual lamellar thicknesses always increased with distance
from the inner core in the parameter sweeps ran in this study.

The multilayer model was run at various parameter values (Table 4.1) to examine
the relationship between the PC’s structure and mechanical response. Only material and
geometric parameters in the PC’s outer core were adjusted. Varying inner core and neurite
parameters would also affect the PC’s physiological response to vibrations, but doing so
was deemed outside the scope of the current study.

Two features of the resulting mechanical simulations were analyzed to describe the

response of the PC to the vibrational stimuli: (1) peak frequency, defined as the frequency
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at which the ratio of inner shell strain (radial displacement divided by initial radius) to outer
shell strain was highest, and (2) bandwidth, defined as the frequency range for which the
ratio of inner to outer shell strain was greater than 1 (indicating strain amplification through
the PC capsule).

Based on the Buckingham Pi theorem, for six model parameters (modulus E,
viscosity p, lamellar thickness hf, PC outer radius R, number N of lamellae, and stimulus
frequency ® or bandwidth B) and three dimensions of interest (force, length, and time),
there should be three independent dimensionless groups. The number of lamellae, being
dimensionless, is trivially one group, and the obvious other two groups are a Deborah
number (uw/E, uB/E) and an aspect ratio (h/R,). Thus, we attempted to characterize the

peak frequency and bandwidth as a function of the other parameters of the forms

E\ hY
w)\R,

where the exponents o and § and the functions f and g were not known a priori.
4.3.2 Lamellar modulus sweep
Because similar results were obtained for the same values of E/p in our initial

calculations regardless of whether p or E was adjusted, E was varied from 1 mPa to 1GPa

" In this work, we use the term “lamellar thickness” to refer to the thickness of a solid lamella.
One could use other terms and variables, such as the lamellar spacing (i.e. the thickness of the
fluid layer between adjacent lamellae), but we chose to use lamellar thickness defined to be the
thickness of the solid component. Lamellar spacing is not included in the variable list because it
can be expressed in terms of the lamellar thickness, number of lamellae, and PC radius, so it is
not an independent variable in our treatment of the problem.
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in subsequent simulations and p was held constant at 1.4 mPa-s (Table 4.1). The number
of lamellae was varied between 2 and 30. For these simulations, the individual lamellar
thicknesses were between 0.1 (innermost lamella) and 0.4 um (outermost lamella), as stated
previously, and the PC outer radius ranged from 23.5 um (2 shell case) to 255.6 um (30
shell case).
4.3.3 Thickness and radius sweep

The geometric parameters h and R, were also varied in separate simulations (Table
4.1). The number of lamellae was varied again between 2 and 30. As in the modulus sweep,
the initial thicknesses of the lamellaec were set between 0.1 and 0.4 pum, with thickness
increasing with distance from the core. The set of lamellar thicknesses was multiplied by a
single multiplier (@) that varied from 0.02 to 8, resulting in minimum and maximum
average lamellar thicknesses of 2.2 nm (12 layers, ¢=0.02) and 1.47 pm (30 layers, ¢=8).
The outer PC radius was also varied. To do so, the initial radius of each lamellar layer
within the PC was multiplied by a single radius multiplier (A). The PC radius multiplier
was varied from A=0.5 (outer radius of 26.05 pum in the 12 shell case) to A=10 (outer radius
of 2.56 mm in the 30 shell case). For these simulations, E was set at 1 kPa and p to 1.4

mPa-s.
4.4 Results

4.4.1 Computational model results
The multilayer model was run at the structural parameter values listed in Table 4.1.

The specific studies are described in turn in the subsequent paragraphs.
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4.4.2 Lamellar modulus sweep

The resulting ratios of inner to outer shell strain for PCs with 2-30 shells are plotted
in Figure 4.2 for lamellar modulus (E) values of 100 Pa, 1 kPa, and 10 kPa. A 10-fold
increase in E resulted in a 10-fold increase in peak frequency. The peak frequency and
bandwidth (Figure 4.3A) at various ratios of lamellar modulus to fluid viscosity (E/p) and

numbers of shells (N) were calculated for 12-30 shells (Figures 4.3B and 4.3C).

4.4.3 Thickness and radius sweep

The peak frequencies measured for simulations in which lamellar thickness (Figure
4.4A) and radius (Figure 4.4B) were varied was calculated for 12-30 shells. In general, as
the average lamellar thickness (h) increased, or as more of the capsule became solid, the
peak frequency also increased. As the outer radius (R,) increased, or as more of the capsule
became fluid, the peak frequency decreased. Two example PCs run in the lamellar
thickness sweep, shown in Figures 4.4C and 4.4D, demonstrate how the different model
parameters interact. The structures are very different — the PC in Figure 4.4C is smaller and
has fewer, thicker lamellar layers — but they produce roughly the same peak frequency.
Thickening the layers tends to make elastic effects more important relative to viscous
effects, shifting to higher peak frequencies, as seen by the positive slope of the lines in
Figure 4.4A (a similar effect is seen for increasing modulus in Figure 4.3B, and the opposite
effect is seen when increasing PC radius, Figure 4.4B, which increases viscous effects by
increasing interlamellar spacing). This tendency to shift towards higher frequencies is
countered, however, by a tendency to decrease the peak frequency as the number of shells
decreases, an effect attributable to an increase in lamellar spacing as the number of shells

decreases and/or to more elastic-like behavior for many narrowly-spaced layers. The net
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result of these two competing effects is that a PC comprising a few thick, tightly-spaced
layers (Figure 4.4C) can have the same peak frequency as a larger PC comprising many
thinner, more widely spaced lamellae (Figure 4.4D).

As expected from the scaling analysis, the curves collapsed when plotted vs. h/R,
(Figure 4.5). As h/R, increased, the peak frequency and bandwidth both increased, and
adding more shells to the model predicted that both response properties would increase for
a given h/R, value.

4.44 Eh/pR, analysis

Lamellar modulus, lamellar thickness, fluid viscosity, and PC radius were
considered together in the single ratio Eh/pR, as suggested by the scaling analysis and the
linear relationships in Figure 4.5. The peak frequency (Figure 4.6A) and bandwidth (Figure
4.6B) resulting from simulations run at different values of Eh/uR, for 12-30 shells were
calculated. When the value Eh/uR, was analyzed, the results for E/p and h/R, collapsed
onto each other, indicating that the ratio Eh/uR, was driving the overall behavior of the
simulated PCs.

Finally, the peak frequency and bandwidth were expressed in terms of both N and
Eh/uR,. Equation 4.1 was fit to the data collected from all simulations, and the following
equation for peak frequency was obtained with an R-squared value of 0.961 (Figure 4.7A,

reorganized in Figure 4.7B):

o =1605x107 N> L (4.3)
peak MR

4
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Equation 4.2 was fit to the bandwidth data collected from all simulations, and the following
equation for bandwidth was obtained with an R-squared value of 0.9466 (Figure 4.7C,
reorganized in Figure 4.7D):

.
UR

[

B=1.747x10°N*% 4.4)

It is important to note that all simulation data obtained in this study appear in Figure 4.7
and follow the relationships in Equations 4.3-4.4. Thus, given the lamellar modulus,
lamellar thickness, fluid viscosity, outer radius, and number of shells within a PC, one can
calculate its peak frequency or bandwidth using a single equation rather than running the
full simulation.

4.5  Discussion

In this work, we investigated how the structural properties of the PC affect its
frequency sensitivity in a computational model. We used a mechanical model of the PC
capsule to predict how various material (lamellar elastic modulus, fluid viscosity) and
geometric (number of shells, outer radius, lamellar thickness) parameters affect strain
amplification through the lamellar layers of the PC capsule.

Aging and disease can affect many different aspects of the central [158] and
peripheral [159] nervous systems that may impact vibrotactile sensitivity, but due to the
focus of this study only those changes associated with the structure of the PC are discussed
in the subsequent paragraphs. Previous structural studies [89] found that, with age, the
human PC increases in size by the addition of lamellae until it eventually becomes distorted
in structure, which is followed by a decrease in the number of PCs within the skin. While

these anatomical and morphological changes in the receptor due to aging have been
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reported in the PC literature, the mechanical and functional responses of isolated aged PCs
have not been probed. Previous studies have, however, investigated the vibration
sensitivity changes that occur within the hand with age. Vibrotactile detection experiments
by Verrillo [90] performed on subjects of various ages found that vibrotactile thresholds in
the hand at higher frequencies (i.e., within the typical PC sensitivity range) increase with
age. Specifically, Verrillo’s experiments showed that while the peak frequency was not
shifted, the sensitivity threshold at that frequency increased. While Verrillo does not report
a shift in peak frequency with age, his threshold measurements were only obtained at 11
frequencies spanning 25-700 Hz, and it is unknown whether a shift would have been
observed if more frequencies were studied. It is also important to note that the vibrotactile
thresholds reported by Verrillo likely represent the activity of more than one type of
mechanoreceptor, so we must be wary of drawing direct comparisons between these data
and the results of our single PC model. A number of other experimental studies have
investigated changes in vibrotactile sensitivity with age in various anatomical locations
such as the foot [160,161], ankle [162], wrists [96], and knees [96]. In those studies, only
vibrotactile threshold and not peak frequency was measured and too few measurements
were taken to determine whether or not a shift in peak frequency occurred with age. Verrillo
proposed that the experimentally-observed increase in vibrotactile threshold may be due to
a decrease in the number of PCs within the skin but added that the density of PCs could
not explain this phenomenon alone. Verrillo therefore proposed that geometric changes,
such as those reported by Cauna [89] (i.e., addition of lamellae, shape distortion) may be a
mechanism for the decreased vibrotactile sensitivity in the Pacinian frequency range with
age. While the current study analyzed the peak frequency and not vibrotactile thresholds,
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we did see that increasing the number of lamellae (Figure 4.2) not only shifted the peak
frequency to higher frequencies but also increased strain amplification at the peak
frequency, which would directly affect the threshold. Increasing the number of shells in
our simulations increased strain amplification, which would cause a decrease in threshold
amplitude, so the addition of new lamellae alone cannot explain the experimentally-
observed increase in threshold. Shape distortion, which cannot be explored by a spherical
model, may also play a role by affecting the interlamellar spacing in the capsule, or there
may be mechanical changes in the lamellae with age.

Vibrotactile sensitivity can also be affected by disease, such as diabetes. Peripheral
neuropathy is a common complication of diabetes and can affect the sensation of vibration,
among other sensory modalities and neural functions [91]. Diabetic skin biopsies [92] have
shown denervation and neuronal structural changes, which can affect the cutaneous
mechanoreceptors [93]. In diabetic monkeys, the PC capsule can undergo structural
changes including irregular spacing between lamellae, thickening of outer lamellae, and a
breakdown of inner lamellae, causing the capsule to appear deteriorated [94]. Thickening
of lamellae would cause the peak frequency to increase proportionally, according to
Equation 4.3. Irregular spacing between lamellae would also affect the peak frequency, as
the amount of the capsule that is fluid or solid affects the frequency response (Figures 4.4A
and 4.4B). Functionally, PCs are shown to be implicated in diabetic neuropathy as
vibrotactile thresholds increase in patients with diabetes, showing a decrease in sensitivity
to vibration [92,95,96]. Advanced glycation as a result of diabetes leads to many
complications associated with the disease, as advanced glycation end products can induce

cross-linking of proteins such as collagen and cause increased vascular stiffness [97-99].
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The vasculature of the PC capsule [100] may be stiffened as a result of diabetes, or the
adventitial tissue of the PC’s end organ may also become stiff, as glycation has been shown
to affect not only the stiffness of vascular tissue but also that of tissues such as cartilage
[101], tendon [102], and other connective tissues (i.e., plantar tissue [103]). If such
stiffening were to occur within the PC capsule in the form of increased lamellar modulus
(E), the peak frequency would be expected to increase proportionally with E (Equation
4.3), and the bandwidth would also increase (Equation 4.4). If increased stiffness due to
glycation causes the peak frequency of the PC to shift to frequencies higher than the
maximum firing rate allowed in the afferent nerve due to its refractory period, then this
could result in the inability of the nerve to fire at the frequency of vibration. Vascular
stiffening can also result from aging [99], so the conclusions pertaining to PC stiffening
could also apply to vibrotactile sensation changes that occur with aging. The results of the
current study suggest that structural changes resulting from the diabetes or other diseases
could contribute to the observed functional changes seen in patients.

PC structure can also be affected by denervation and reinnervation, which have
been studied in the rat [163]. In early postnatal rats, denervation results in rapid PC
regeneration [164]. In adult rats, however, mature PCs survive denervation and can be
reinnervated with new axon terminals [163,165]. The inner core diameter can be reduced
following denervation in adult rats [165]. Reinnervation of these PCs can lead to unusual
structural development. Reinnervated mature rat PCs can contain several axon terminals
enclosed by multiple inner cores within a single outer core [166,167]. The mechanical and
functional changes resulting from the altered structures of denervated and reinnervated PCs

can also be analyzed with the model used in the current study.
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A number of experiments [10,11,20,21,51] and models [23,24,30-32] have
demonstrated that the lamellae of the PC capsule collectively act as a mechanical filter and
allow the dynamic portions of a mechanical vibration to reach the neurite. Bell and Holmes
[29] previously created a theoretical model of the PC in which a mechanical model [28] of
the capsule was coupled to a model of the receptor potential via the hoop strain on the
receptor membrane. The model predicted tuning curves in response to sinusoidal pressure
inputs for intact PCs similar to those recorded experimentally [20]. When the modeled PC
was decapsulated, the shape of the predicted tuning curves remained unchanged,
suggesting that the capsule did not play a role in the filtering response in their model. While
it is possible that mechanical filtration by the capsule may not be the only factor involved
in the PC’s response to vibration, as hypothesized previously by Bolanowski [168], our
study suggests that the capsule and its structural properties play a major rule in determining
the frequency response of the PC. The contrast in the importance of the capsule between
Bell and Holmes’ model [29] and the current model is likely a result of the different
modeling approaches taken in the two studies. Rather than treating the collagen layers as
individual shells, Bell and Holmes treated them as membranes (i.e., they ignored bending
stiffness) and used homogenization theory to derive continuous equations for their model.
Bell’s argument for using membrane theory is that the lamellae are thin, but since the
displacements are also very small, we do not consider bending stresses negligible compared
to stretching stresses.

When stimulated with a sustained pressure stimulus, the PC fires action potentials
only during the on and off portions of the stimulus (dynamic portions) and not during the

static portion [50], which classifies the PC as a rapidly adapting mechanoreceptor. It was
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first believed that the PC’s rapid adaptation was purely due to the mechanical properties of
the capsule [10,23]. Pawson et al. [27], however, later attributed the rapid adaptation to a
mechanochemical, rather than a purely mechanical, response of the PC to sustained
pressure. Their experiments suggest that y-aminobutyric acid (GABA) released from PC
lamellae inhibits the glutamatergic excitation (originating from the neurite or PC capsule)
that is responsible for sustained pressure action potentials. This GABAergic inhibition thus
leads to the characteristic absence of action potentials during the static portion of a
sustained stimulus seen in the rapidly adapting PC. The lamellar cells therefore play both
a mechanical and chemical role in the rapid adaption of the PC, as they release GABA and
potentially glutamate to modulate the response. It has been hypothesized that the neural
response of PCs to dynamic mechanical stimuli, such as a high-frequency vibration, is a
result of mechanical transmission of the stimuli through the PC capsule which causes
stretch-gated cation channels on the PC neurite to open and initiate action potentials, and a
recent modeling study by our group was able to simulate experimental neural firing using
this hypothesis [24]. It is unclear, however, whether the filtering function of the PC in the
case of high-frequency vibration is solely mechanical, or if there is also a mechanochemical
role of lamellae. While the current study considers the lamellae to play a purely mechanical
role in the PC’s response to vibration, there could also be electrochemical modulation by
the lamellar cells that affects the frequency tuning of PCs. Tuning curves were collected in
the study by Pawson et al. described above [27] in response to sinusoidal displacements in
the 10-400 Hz frequency range in the presence and absence of the pharmacological agents
(GABA; GABA receptor antagonists, gabazine and picrotoxin; glutamate receptor

antagonist, kynurenate) used in the sustained indentation experiments. There was no
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significant difference in the sensitivity of the PC’s frequency response with the addition of
the pharmacological agents, as all but one tuning curve did not change in the presence of
the drugs. These results suggest that if the PC’s response to dynamic stimuli does involve
mechanochemical mechanisms, then they are different from those involved in the response
to sustained stimuli.

The current study, which addresses how structural variability of the PC capsule may
lead to mechanical variability, could be combined with an electrochemical model [24] of
the PC neurite to elucidate how mechanical variability leads to functional variability. While
a model such as the one presented here, combined with an electrochemical neurite model,
could inform us of the relationship between structural, mechanical, and functional
variability of the PC, this information also needs to be obtained in vivo. Previous studies
have addressed the structural [34,65,78], mechanical [10], and functional [20,21]
variability of PCs, yet no study has obtained all three measurements on the same sample.
Unpublished experimental wave penetration data for cat mesenteric PCs show a substantial
degree of mechanical variability in the receptor’s response to different vibration
frequencies, but the structural parameters of the tested PCs were not recorded. The current
study provides a mechanistic explanation for how structural variability can lead to the
observed mechanical variability in the unpublished experiments. To our knowledge, no
experimental study has been able to measure directly the correlation between structural and
mechanical variability in the PC. The computer simulations performed in this study provide
a first glimpse into the relationship between these two facets of PC variability, but future
vibration experiments on isolated PCs are necessary to validate the results of these

simulations.
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Functional variability of PCs may be extremely valuable in allowing mammals to
experience a wide range of vibrotactile sensations. PC structural variability can enable
more nuanced encoding of vibrations by providing different frequency sensitivities. For
example, by having multiple PCs within a cluster that are tuned to different frequencies,
one could better distinguish subtle differences in stimulus than one could with a single PC
or a cluster of identical PCs. The current study suggests that slight differences in structural
variability (e.g., the addition of one lamellar layer) may greatly affect the mechanical (and
thus functional) variability of a single PC. By understanding how structural, mechanical,
and functional variability interact, we can begin to understand how the somatosensory
system is optimized to process the complex vibrotactile stimuli ubiquitous in our physical

world.
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Table 4.1: Structural parameters used in model simulations. Step sizes were scaled to

the values, with 20 modulus steps per decade, and extra steps were added when necessary

for resolution purposes.

Parameter Parameter Range | Number of | Relevant
Parameter Values | References
Studied

Number of lamellae | 2-30 29 [36]

N)

Lamellar modulus (E) | 1 mPa-1 GPa 261 [23,24,32,109,115]

Viscosity () 1.4 mPa-s 1 [24,32]

Lamellae thickness (h) | 2.20 nm-1.47 um | 67 [32,36]

Outer radius (R,) 26.05 um-2.56 mm | 191 [35]
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Figure 4.1: Histological and model PCs. (A) Image of a single PC in a thick human skin
slice. Image obtained from thick human skin after H&E staining and provided by Dr.
Christopher Honda from the University of Minnesota. The PC was sectioned perpendicular
to the long axis of the receptor. Lamellae can be seen as concentric pink lines in the cross
section. (B) Representation of the PC outer core in the multilayer (Stage 1) model. The
solid black lines represent lamellae and the shaded grey regions represent the interlamellar

fluid. The pink area represents the inner core (modeled in Stage 2).
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Figure 4.2: Ratio of inner to outer shell strain at various lamellar moduli. The ratio is

plotted for simulations run with lamellar moduli of 100 Pa (red), 1 kPa (blue), and 10 kPa

(green). Each modulus was run for PCs with 2-30 shells, with increasing shell number

indicated by the black arrows.
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Figure 4.3: Peak frequency and bandwidth for various ratios of lamellar modulus to
fluid viscosity (E/p). (A) The peak frequency was the frequency at which the highest ratio
of inner to outer shell strain occurred, which is the frequency of peak strain amplification.
The bandwidth was the frequency range over which the ratio of inner to outer shell strain
was greater than 1 (dashed line), indicating strain amplification through the PC capsule.
(B) The peak frequency was calculated for different values of E/p. The peak frequency at
E/p is plotted for 12-30 shells, with increasing shell number indicated by the arrow and
hotter color. (C) The bandwidth was calculated for different values of E/p, with increasing

shell number indicated by the arrow and hotter color.
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Figure 4.4: Peak frequency plotted for various average lamellar thicknesses (h) and
radii (R,). (A) The peak frequency was calculated for simulations run at different values
of h with 12-30 shells. The square and circle icons represent where the PCs shown in (C)
and (D) would fall on this graph. Increasing shell number is indicated by the arrow and
hotter color. (B) The peak frequency was calculated for simulations run at various R,. (C)
12 shell PC run at parameters indicated by the filled square in (A). Black indicates solid
lamellae, white indicates fluid-filled spaces, and grey indicates the inner core. (D) 20 shell

PC run at parameters indicated by the filled circle in (A).
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Figure 4.5: Peak frequency and bandwidth vs. h/R,. (A) Peak frequency calculated for
various values of h/R, at 12-30 shells with increasing shell number indicated by the arrow
and hotter color. (B) Bandwidth calculated for various values of h/R, at 12-30 shells with

increasing shell number indicated by the arrow and hotter color.
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Figure 4.6: Peak frequency and bandwidth vs. Eh/pR,. (A) Peak frequency calculated
from simulations run at various values of Eh/uR, for 12-30 shells, with increasing shell
number indicated by the arrow and hotter color. (B) Bandwidth calculated from simulations
run at various values of Eh/uR,, with increasing shell number indicated by the arrow and

hotter color.
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Figure 4.7: Relationship between the five structural parameters (E, h, p, R,, N) and
the peak frequency (®) and bandwidth (B). (A) The value ®puR/Eh was plotted against
the number of shells (N) in a log-log plot for all data points from the simulations. A power-
law fit gave an exponent of 3.475, with the best-fit line shown in red. A zoomed-in view
of individual data points is shown. Each simulation is marked with a horizontal line in the
zoomed-in view. (B) Comparison between the peak frequency measured in all computer

475 x Eh/uR, using the parameters input into the

simulations and the calculated value N
simulations. A zoomed-in view of individual data points is shown. Each simulation is
marked with a vertical line in the zoomed-in view. (C) The value BuR,/Eh was plotted
against N in a log-log plot for all data points from the simulations. A power-law fit gave
an exponent of 3.591, with the best-fit line shown in red. (D) Comparison between the

bandwidth measured in all computer simulations and the calculated value N***' x Eh/uR,

using the parameters input into the simulations.
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CHAPTER 5: A FINITE-ELEMENT MODEL OF
MECHANOSENSATION BY A PACINIAN CORPUSCLE

CLUSTER IN HUMAN SKIN

The content of this chapter has been submitted as a research article to the journal
Biomechanics and Modeling in Mechanobiology (Quindlen and Barocas) and is in

review.

5.1 Summary

The goal of this study was to model a cluster of PCs to observe the effect PC
distances from the indenter and each other on the cluster’s mechanical and neural responses
to a vibrating stimulus. I developed a finite-element mechanical model of one or two PCs
embedded within human skin, coupled to a multiphysics PC model to simulate action
potentials elicited by each PC. A vibration was applied to the skin surface, and the resulting
mechanical signal was analyzed using two metrics: the deformation amplitude ratio (p;s,
p,s) and the phase shift of the vibration (8T°?, §Teh) between the stimulus and the PC.
The results showed that the amplitude attenuation and phase shift at a PC increased with
distance from the stimulus to the PC. Differences in amplitude (p;,) and phase shift (873!

between the two PCs in simulated clusters directly affected the interspike interval between
the action potentials elicited by each PC (Sigike). While 87°M had a linear relationship

. spike ik . .
with 8°2'¢, ’s effect on 855 was greater for lower values of p;,. In the simulations,
12 12 12 12
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the separation between PCs and the distance of each PC from the stimulus location resulted
in differences in amplitude and phase shift at each PC that caused Sigike to vary with PC
location. The results of this study suggest that PCs within a cluster receive different

mechanical stimuli which may enhance source localization of vibrotactile stimuli, drawing

parallels to sound localization in binaural hearing.

5.2  Introduction

While mechanical and mechanoneural models have offered great insight into the
behavior of a single, isolated PC and can simulate neurophysiological data obtained in an
isolated recording procedure [20], there is much to be done in order to understand how the
PC functions in vivo. The PC is found embedded deep within the skin and subcutaneous
tissues [17,34,54-56] and in other anatomical regions such as ligaments [57-59], joint
capsules [60-62], muscles [63,64], and internal organs [25,36,65—67]. Therefore, although
a model of a single PC can inform us of its dynamics in response to vibrations applied
directly to the receptor, it cannot account for the effects of its anatomical location or the
mechanical contributions of the surrounding tissues (possibly including other PCs).

PCs are also often observed in clusters of multiple receptors (Figure 1.2), a
phenomenon conserved across species. PC clusters have been identified in the human hand
[17,75]; the monkey hand [34,55]; cat foot [46,54,76], ankle joint [77] and knee joint [61];
the rat ankle joint [49]; the elephant foot [78]; the raccoon forepaw [79]; and the
interosseous region of the kangaroo leg [80]. The number of PCs found within a cluster
varies between species, with clusters of 2-3 PCs in the human [81], 2-5 in the monkey

[34,55], 3-4 on average in the elephant [78], and 2-11 in the cat [46,54,61,76,77].
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PCs within a cluster can have overlapping or neighboring receptive fields [81],
enabling them to respond to the same skin stimulus. However, the distance between each
PC and the stimulus, based on the distribution of the PCs within the cluster with respect to
the skin surface, could affect the response of each PC to the vibration. Spike latencies
across a cluster may play a role in source localization of the stimulus, perhaps via a process
that parallels sound localization by the auditory system [169]. The asymmetrical shape of
the PC [16] suggests that random orientation within a cluster [17] would cause each PC to
respond differently to a mechanical stimulus. In addition, it has been shown theoretically
that the size and inner structure of PCs can alter their filtering response to vibrations [33].
Therefore, the location, orientation, and size of PCs within a cluster could produce more
nuanced tactile encoding of a vibrational stimulus.

The goal of this study was to explore the mechanoneural behavior of one or two
PCs embedded within human skin in response to tactile vibrations in vivo. After creating a
finite-element model of human skin containing PC models, we investigated the effects of
(1) separation distance between two PCs in a simulated cluster and (2) the location of these
PCs with respect to a skin stimulus. Mechanical amplitude attenuation and phase shift in
waves that reached each PC within a cluster, as well as the phase shifts between resulting

spike trains for the clustered receptors, were analyzed.

5.3 Methods

5.3.1 Modeling scheme
5.3.1.2 Homogeneous viscoelastic PC model
The highly-detailed inner core model described in Chapters 3-4 [24,33] is valuable

for analyzing PC response, but it is also computationally demanding and poorly suited for
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incorporation into a larger finite-element model. For the current study, I developed a finite-
element model of two PCs embedded within human skin in COMSOL. As a first step
(Figure 5.1A), I created a homogenized viscoelastic (VE) model in COMSOL to match the
mechanical behavior of the Stage 1 model (henceforth “shell model”) described in Chapters
3-4. By embedding a VE equivalent of the shell model into skin, I could obtain the
mechanical deformations that would reach an embedded PC in response to skin surface
vibrations and then run the three-stage model with the proper inputs to simulate the PC’s
neural response to the surface stimulation.

The isolated shell model was run at frequencies spanning 10-10,000 Hz at the same
pressure amplitude profile (200 Pa at PC top) for each case. Because the small
displacements (~um) allow linear mechanical models to be used, the specific choice of
pressure was arbitrary. The shell model was run for a PC containing 30 lamellae with a
modulus of 3 kPa, an interlamellar fluid viscosity of 1.4 mPa-s, and an outer radius of 255.6
pum [23,24,116]. The maximum outer shell displacement at each indentation frequency was
recorded. A homogeneous VE model of a spherical PC was created in COMSOL to match
the displacement profile obtained from the shell model. The best-fit PC model was a
Standard Linear Solid with the parameters E; = 3 kPa, E, = 500 kPa, and n = 5.5 Pa-s,
implemented using the long-term static stiffness option in COMSOL. The displacement

and phase shift profiles of the shell and VE PC models are shown in Figure 5.1B-C.

5.3.1.2 Cluster model
Clusters were simulated by embedding VE spherical PCs in a domain representing
the skin (Figure 5.2). The skin and bone mesh was separated into three main domains:

Outer Skin (OS), Inner Skin (IS), and Bone (B). Skin and bone were modeled using
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structural and mechanical parameters for human tissue published in the literature, as listed
in Table 5.1. Rayleigh damping was introduced into the tissue domains based on a
published model of finger mechanics [170]. The entire structure was meshed with 10,967
tetrahedral elements. The outer skin was vibrated at 150 Hz with a simulated indenter of
radius 200 um. The displacement amplitude was set to 30 um, well above the threshold
reported for PCs firing in response to skin surface stimulation at this frequency [2,70].
Once the skin-scale simulation was completed, the displacement amplitude and the
phase shift from the applied pressure wave were obtained for each PC, and used as inputs
to the three-stage PC model. Spike trains were calculated for each PC based on its
individual mechanical deformation. The spike trains for each PC were added together to
simulate the spike train that would be recorded from a cluster of the two PCs since the
activity of a nerve bundle [171] or PC cluster [81] has been shown to be the sum of the

activities of each individual nerve fiber or PC, respectively.
5.3.2 Case studies

5.3.2.1 Center-to-center separation of PCs

The effect of separation distance between two PCs in an idealized cluster was
analyzed. PCs were embedded in the inner skin and arranged either vertically (Figure 5.2A)
or horizontally (Figure 5.2B) to analyze the effect of separation distance between the PCs
on their relative mechanical and neural responses. In the vertically-arranged case (Figure
5.2A), the center of the superficial PC was located 1 mm beneath the skin surface. The
center of the deep PC was initially located 511.2 um (one PC diameter) beneath the center
of the superficial PC. The surface of the skin directly over the PCs was indented, and the

resulting spike train from the cluster was obtained. The separation between the two PCs
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(L12) was increased in subsequent simulations, as the center of the deep PC was moved in
the negative y direction (away from the skin surface) until a maximum separation of 1200
pm was obtained.

In the horizontally-arranged case (Figure 5.2B), the centers of both PCs were
located 1mm beneath the skin surface. The central PC was located under the indenter and
the separation between the two PCs (L) was increased from 511.2 to 1200 um as the
lateral PC moved in the positive x direction. The resulting spike train from the PC cluster

was obtained at each separation increment.

5.3.2.2 Indenter location on skin surface

The effect of indenter location on the skin surface was analyzed in order to
determine whether the spatial distribution of PCs within a cluster could enhance source
localization via directional tuning. To do so, a cluster of two horizontally-arranged PCs
was created 1 mm beneath the skin surface with an inter-PC separation of 1 mm. Due to
symmetry, only one quarter of the skin and PC mesh was analyzed. The location of the
indenter was varied across the entire skin surface in increments of 100 um. The indenter
was then varied along an ellipse enclosing both PCs on the skin surface for PCs and PC

center depths were increased from 1 to 3 mm.

5.3.3 Nomenclature

The following nomenclature is used in the remainder of this paper. Phase shifts are

k

represented by &;;, where the superscript k refers to the physics being analyzed (6{}‘“’1 for

spike

a mechanical phase shift and §;;" for the phase lag between spikes) and the subscripts

and j correspond to the locations between which phase is measured, where 61-"]- is positive
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if wave i peaks before wave j. The subscripts are S for the stimulus on the skin, 1 for the
PC closer to the stimulus, and 2 for the PC further from the stimulus, so §7¢“" and §¢ch
measure the mechanical phase shifts between the surface stimulus and each PC, and §7%¢¢"
is the phase shift between the two PCs. Mechanical amplitude ratios are represented by p; ;,
where p;; is the ratio between the amplitude at locations i (4;) and j (4;) such that p;; =
A;/A;. The subscripts S, 1, and 2 again correspond to the stimulus and the PCs closer to
and further form the skin stimulus, respectively. Thus, p;s and p,s measure the amplitude
ratio for each PC and the skin stimulus (A4;/As and A,/As) and p,, measures the ratio

between the two PC amplitudes (4,/A;). Ly, is used to refer to the center-to-center
separation distance between PC; and PC,.
5.4  Results

First, the mechanical effect of embedding PCs within skin was analyzed by
observing the resulting oscillation amplitude (p;s, Figure 5.3A) and phase shift (55"}“'1,
Figure 5.3B) between the stimulus and location within the tissue in the case where no PCs
were embedded within the skin (left) and the case where two PCs were horizontally-
arranged with a center-to-center separation (L) of 800 um (right). Because the properties
of the homogeneous VE PC and inner skin are similar, the wave through the skin slice was
not greatly distorted by the presence of the PCs.
5.4.1 Center-to-center separation of PCs

The amplitude ratios (p;5, p,s) and phase shift (576", 572¢ch) between the surface
vibration and the top of each PC in the vertically-arranged case are shown in Figure 5.4A.

As L, was increased (by moving the deep PC down), the displacement amplitude ratio at
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the surface of the superficial PC (p;5) did not change (Figure 5.4A), but the amplitude ratio
for the deep PC (p,s) decreased as it moved away from the surface indenter. Likewise, the
phase shift between the surface vibration and the vibration of the superficial PC (5¢ch)
did not change (Figure 5.4B), but the phase shift for the deep PC (51%¢°") increased with
Li>. Thus, as the deep PC moved further away from the indenter and deeper into the skin
model, both the amplitude ratio (p,s) and phase (51%¢°") of the vibration acting on this PC
changed.

A similar trend was seen in the horizontally-arranged case (Figures 5.4C and 5.4D)
as the lateral PC was moved away from the indenter in the positive x direction. The
amplitude ratio (p;5) and phase shift (57+“") of the vibration that reached the central PC
remained unchanged, but the lateral PC saw a decrease in amplitude ratio (p,s) and increase
in phase shift (§72¢°") as L,, and thus distance from the indenter, increased. While the L,
values in the vertically- and horizontally-arranged cases were the same, the amplitude ratio
for the lateral PC was ~2-3 um greater than that for the deep PC at a specific separation.
Additionally, the phase shift for the lateral PC in the horizontal case was ~1.5-2° (28-37
us) less than the phase shift for the deep PC in the vertical case. Therefore, the effect of
distance was always greater for vertical than for horizontal separation.

Neural spike trains for the PC cluster in both alignment cases at different values of
Li» were simulated. In both alignment cases, the phase shift between action potentials

(6f§ ike) increased with PC separation (Figure 5.5). Reflecting the differences seen in the

mechanical signals of Figure 5.4, é‘fg € in the horizontally-arranged case was 20-30 ps
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shorter than that in the vertically-arranged case for all separations (corresponding to ~1-
1.6° of phase).

5.4.2 Indenter location on skin surface

Two PCs were placed 1 mm beneath the skin surface in the horizontal configuration
with L = 1 mm, and the indenter was moved across the entire surface of the skin in
increments of 100 um. The oscillation amplitudes and phase shifts that reached both PCs
were calculated at each indenter location. Contour plots are shown of the ratio p;, (Figure
5.6A) and the phase shift §7%¢°" (Figure 5.6B), where PC; is outlined in red in Figure 5.6
and PC; is located out of the picture in the negative x direction of this figure. As one would
expect, the two PCs experience identical inputs (p;, = 1, 5Me" = 0) when the stimulus is
centered between them (x = 0 in Figure 5.6), but if the stimulus is closer to one PC, both a
phase lag and an amplitude difference arise. The amplitude ratio is largely independent of
position transverse to the line connecting the PC centers, but the phase lag depends on
position in both directions.

Because damping does not have a large effect on the mechanics of these
simulations, the computed deformations are similar to those of spherical waves in an elastic
half-space [172], for which one would expect amplitude to scale as 1/r and phase lag to
scale as r. The deformations do not exactly match those of spherical waves, however,
because of the viscoelasticity in the model, the finite size of the domain, and the finite size
of the indenter. To compare the model results with those expected from spherical waves in
an elastic medium, I plotted the amplitude ratio between each PC and the stimulus (ps5,

pa2s) vs. 1/L;s (Figure 5.7A) and the phase shift between each PC and the stimulus (§72¢°",

s7echy vs. Lis (Figure 5.7B). There are deviations from the idealized case in Figure 5.7. In
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the amplitude vs. 1/L;s plot (Figure 5.7A), there are deviations from the linear relationship
at small values of 1/L;s (PC;j close to the indenter, attributable to the finite indenter size)
and deviations at large values of 1/L;s (PC; far from the indenter, attributable to edge effects
in our domain). In the phase shift vs. L;s plot (Figure 5.7B), there are deviations from the
linear relationship at large values of Ljs (PC; far from the indenter, again attributed to edge
effects). There are no deviations from a linearity in the phase shift vs. Ljs plot at small
values of L;s.

Since the neuron exhibits integrate-and-fire type behavior [173,174], a higher-
amplitude stimulus can produce a spike more quickly, resulting in a potential amplitude

contributing to the phase lag between two PCs. Therefore, following on the data of Figures
5.6 and 5.7, the effect of varying p;, or 6]2°°" on the phase shift (6°7"¢) between action
potentials fired by the two PCs was analyzed. First, two PCs were simulated for
simultaneous stimulation (§7%¢" = 0) but with p,, values between 1 and 10, and the
measured &5 ke \was plotted (Figure 5.8A). The resulting &;7 e ys. P12 plot depends on
the specific amplitude values used, so values of A; and A, were adjusted so that A, was
equal to various multiples (1X, 2X, 4X) of the amplitude threshold required for action
potential firing. For example, in the 1X case, A4; and A, were both initially set to the

amplitude threshold required for firing, and then A; was increased until p;, = 10. Varying

p12 had less of an effect on &;7 e when both PCs had relatively high amplitudes. The

resulting 6°F"¢ therefore not only depended on p;, but also on the specific amplitude

values of each PC. In all three amplitude value cases, p;, showed a large effect on §;5 the

at small ratios (p;, < 4), but the effect plateaued at larger ratios. Next, two PCs with §]2¢<"

120



values between 0 ms (0° shift) and 6.67 ms (360° shift at 150 Hz) were simulated at the

same amplitude (p;, = 1). As can be seen in Figures 5.7B and 5.7C, §1%¢°" had a linear

effect on 6,5 ike, as the mechanical phase shift between two PCs directly correlated to their

differences in spiking. The combination of amplitude and phase shift drives the neural
response of PCs, and thus both of these mechanical inputs must be considered when
modeling the resulting spike trains.

The results of Figure 5.8 can be compared to the contour plots in Figure 5.6 to draw

conclusions about the relative contributions of p;, and §7%¢“" obtained from surface

indentation. The values of §7%¢°" shown in Figure 5.6B are between 0-111 ps, which would

result in equal &;7 '€ yalues due to mechanical phase lag. The amplitude ratios shown in

Figure 5.6A would likely have a larger contribution to 8,7 "€ based on the 5,7 ke ys. P12

relationships in Figure 5.8A. For most values of p,;, in Figure 5.6A, the amplitude

contribution to 8,7 e would dominate over the mechanical phase lag contribution.

Finally, 6,7 e was analyzed for different skin surface indenter locations along an

ellipse enclosing both PCs (Figure 5.9A). 6°7%¢ was calculated for the indenter locations
shown in Figure 5.9A, as indicated by ¢ (Figure 5.9B). Based on symmetry, locations on

opposite sides of the ellipse had inverse values of p;, and &M which resulted in

opposite &;5 e yalues. As the PCs were moved deeper into the skin, the absolute value of

spike . spike -
5;7"¢ at each ¢ decreased due to decreases in p;, and 61%°°". The values of §;5"¢ in

Figure 5.8B are quite large, with §;7 ke at ¢ = 0° ranging from approximately 11° for the

3 mm depth case to 19° for the 1 mm depth case. In addition, as the PC depth increased,
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the difference Lg>-Lg1, where Lg; and Lg, are the distances from the center of the stimulus
indenter to the center of each PC, decreases. For example, for the stimulus at ¢ = 0°, Ls»-
Ls; is 1 mm on the surface but decreases to 0.68 mm at 1 mm depth and then to 0.44 mm
and 0.32 mm at 2 and 3 mm depth, respectively. This decrease in Lg,-Lg; with increasing
depth results in a decrease in the phase lag (67%¢"*) measured between the two PCs, which,

in addition to the attenuation of amplitude at deeper locations in the skin, causes the

: spike . .
decrease in 6,5 seen in Figure 5.9B.

5.5 Discussion

In this work, I used a computational model to investigate how a mechanical
stimulus affects a cluster of two PCs embedded within skin. I used a homogeneous
viscoelastic PC model embedded within simulated human skin to obtain the mechanical
signals experienced by each PC in response to a 150 Hz skin surface vibration. I then used
a three-stage model of the PC’s mechano-to-neural transduction [24] to simulate the action
potentials generated by the PCs.

The small effect of the PC on the wave transmission through the skin (Figure 5.3)
suggests that it may not be necessary to model PCs in the skin. Rather, PCs, and potentially
other mechanoreceptors, may be able to be modeled as phantom detectors as in the recent
model by Saal et al. [174]. A model of skin mechanics, in which deformations at specific
depths and locations in the skin resulting from a vibrotactile skin stimulus can be obtained,
can be coupled to a model of a single of multiple receptors to simulate the neural response
elicited by the measured skin deformation at the receptor’s location. This has the advantage
of not requiring complex single-receptor models to be reconstructed into an equivalent to

insert into the skin mechanics model.
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The results of this study suggest an advantage of the natural clustering of PCs in
vivo, as the geometrical grouping of these PCs causes each receptor in the cluster to receive
a different mechanical signal, which in turn causes the spike trains elicited by each PC in
response to a skins surface vibration to vary. This variation in signal could allow for the
transmission of greater information content and facilitate the recognition and
discrimination of complex stimuli.

Parallels between the senses of touch and hearing have been identified in the
literature, ranging from the comparison of the structural composition of the filopodia on
the PC’s neurite [43] with the sterocilia of hair cells [47] to the neural codes responsible
for the processing of spike trains in mechanosensitive and auditory afferents [169]. An
analogy may also be drawn between sound localization in the auditory system and the
potential for stimulus localization with PC clustering. The results of this study show that
PCs within a cluster may receive mechanical stimuli with different amplitudes and phase
shifts from the stimulus depending on their distance from each other and from the stimulus
(Figures 5.4 and 5.6). Likewise, binaural hearing allows for sound localization by
comparing the auditory signal at one ear with the signal at the other via interaural level
difference and interaural time difference [175,176]. The amplitude and phase shift
differences measured between two PCs in this study may have similar roles in the
localization of tactile vibrations. Binaural hearing improves auditory performance by
enabling better localization of a sound source [175], which suggests that PC clustering may
support better source localization of vibratory stimuli and may therefore enhance tactile
sensation. A single PC has low spatial sensitivity across the surface of skin, resulting in a

receptive field that may span an entire hand [2]. Clusters of multiple PCs may therefore
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allow for better resolution of vibrotactile stimulus locations. In addition, a human has
hundreds of PCs per hand [17,88] but only two ears, so beyond clusters, the potential for
multi-PC-based stimulus localization is high.

Source localization could be further explored by modeling the PCs as ellipsoidal,
rather than spherical and/or with variation in the number of lamellae. Previous experiments
[132,177] identified functional asymmetry within the PC, as the receptor potentials shifted
between hyperpolarization and depolarization upon rotation about the PC’s axes. This
asymmetry may be due to the ellipsoidal shape of the PC’s outer core or neurite
[108,132,177]. Modeling the ellipsoidal shape of PCs within a cluster and their orientation
with respect to each other would allow for the study of how the PC’s directional sensitivity
may further improve source localization by the cluster. Similarly, since PCs with different
numbers of lamellae would be expected to tune to different frequencies [24,33], a cluster
could be a more effective sensor than any single PC. Microstructural characterization
studies must first be done to document the sizes and structures of PCs within a cluster, as
well as their proximity to and orientation with respect to the other receptors in the cluster.

The two simulated PCs in this study had identical nerve fibers, both in their
structural and electrochemical properties. The two neurites in the simulated clusters had
the same conduction velocities, and varying this as well as other electrochemical properties
within each neurite (i.e. neurite dimensions, type and number of ion channels), would affect

Sigl ®. The current study measures Sigl ® resulting from differences in the mechanical

mech 8rsnech
2

signal that reaches each PC (p;s, p2s, 857 ) due to the relative locations of the PCs
with respect to each other and the stimulus location, but the measured values could also be

affected by differences in the structural and electrochemical properties of the two neurites.
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In this study, I simulated a cluster of two PCs. Clusters in the human may include
more than two PCs, as clusters of up to 11 PCs have been observed in dissection studies of
various animal species [34,46,54,55,61,76—78]. Wu et al. [81] used microneurography to
record the activity of afferents in human skin and identified PC afferents by analyzing their
receptive field size and response to constant pressure and vibration. Wu et al. recorded the
number of PC units at each recording site and found that PC afferent clustering of more
than one afferent occurred more often (46%) than expected (6%) based on the proportion
of PC afferents (15%) among the four main types of mechanoreceptors in human glabrous
skin [22,81]. In their thirteen total observations, two PCs were identified in a single
recording site five times and three PC afferents were identified in a single site one time
[81]. While groupings of two PCs may enhance the localization of a skin stimulus, larger
clusters may provide further improvement of source localization.

The two most important conclusions are a pragmatic one and a scientific one. The
pragmatic conclusion is that the PC does not significantly alter wave propagation through
the skin, so it does not need to be included explicitly in a model of the wave propagation
through the skin, validating an assumption implicit in the creation of one-way coupled
models (e.g., Tanaka et al. 2015; Saal et al. 2017). Although this conclusion is not of great
scientific interest, it is important in the development of future models of haptic systems.
The major scientific conclusion from this work is that even a relatively small amount of
separation between two PCs in a cluster can lead to a measurable phase lag in the spike
trains of the two neurons, meaning that there is additional information provided to the
somatosensory cortex by means of the cluster, which could in turn be used for source
localization or signal identification.
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Table 5.1: Skin and PC material constants

SKIN
Sectio | Skin Thicknes | Poisson’ | Young’ | Mass Stiffness | References
n Component | s (mm) s Ratio s Damping | Damping
Label |s Modulu | Paramete | Paramete
s r(s? r (s)

Outer | Epidermis 0.5 0.48 180 kPa 1x1077 0.4x1073 | [123,146,170]
Skin
(0S)
Inner Dermis, 6 0.48 18 kPa 1x1077 0.4x1073 | [30,123,146,17
Skin Subcutaneou 0]
(IS) s Tissue/

Hypodermis
Bone Bone 1.5 0.48 1.8 GPa 1x10~* 1x10~7 | [146,170]
B)
PACINIAN CORPUSCLE
Section Label Radius Poisson’ | E; (kPa) | E, (kPa) 1 (Pa-s) References

(um) s Ratio

PC 255.6 0.48 3 500 5.5 [23,24,116]
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Figure 5.1: Multilayer shell-fluid model and homogeneous viscoelastic equivalent. (A)
A multilayer coupled shell-fluid model (left) of the PC outer core was fit to a homogeneous
viscoelastic (VE) model in COMSOL. The VE PC was modeled as a standard linear solid
with parameters E;, E,, and n. (B) The maximum displacement amplitude on the PC outer
surface at various indentation frequencies for the shell (blue dots) and VE (red solid line)
PC models. A vertical dashed black line is drawn at 150 Hz, which is the frequency at
which all subsequent simulations were run in this paper. (C) The phase shift between
maximum pressure and maximum displacement on the PC outer surface for the shell and

VE models.
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Figure 5.2: Vertically- and horizontally-arranged PC cases. (A) In the vertically-
arranged PC case, the two spherical PCs were aligned at the center (x=0, z=0) of the skin
mesh, directly under the indenter (arrow). The center of the superficial PC was located
Imm beneath the surface of the skin. In subsequent simulations, the center-to-center
separation between the two PCs (L;2) was increased as the location of the deep PC was
moved in the negative y direction, increasing the separation. Labels on the side correspond
to different layers of the skin (Table 5.1): outer skin (OS), inner skin (IS), and bone (B).
Numbers next to the PC names correspond to the numbers used to reference the PCs in the
nomenclature, where 1 refers to the PC closer to the indenter and 2 refers to the PC farther
from the indenter. (B) In the horizontally-arranged PC case, the central PC was aligned at
the center (x=0, z=0) of the skin mesh, directly under the indenter (blue arrow). The centers

of both PCs were located 1 mm beneath the surface of the skin. In subsequent simulations,
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L, was increased as the location of the lateral PC was moved in the positive x direction.
Numbers next to the PC names correspond to the numbers used to reference the PCs in the

nomenclature.
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Figure 5.3: Amplitude (p;s) and phase shifts (6;’]‘-“”) through cross-section of skin
mesh with and without PCs. (A) The amplitude ratio (p;s) between all locations in the
mesh (i) and the stimulus (S) plotted in a 2D slice (x-y plane) through the skin mesh (z=0)
in Figure 5.2B. p;s is plotted in the case where no PCs were located in the skin (left) and
the case with the lateral PC located 800 um away from the central PC in the positive x
direction (right) with the PC locations indicated by arrows. (B) Phase shift (§ ;’}em) between
the stimulus (S) and all locations in the mesh (j) plotted in a 2D slice (x-y plane) through
the skin mesh (z=0) in Figure 5.2B for the case of no PCs (left) and the case with the lateral
PC located 800 um away from the central PC in the positive x direction (right) with the PC

locations indicated by arrows.
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Figure 5.4: Amplitude ratios (p;s, p,5) and phase shifts (57¢°", 57" for vertically-
arranged (A,B) and horizontally-arranged (C,D) PCs with increasing center-to-center
separations (L;2). (A) Amplitude ratio between the maximum amplitude at the surface of
the superficial (p;g, solid line) and deep (p,s, dashed line) PCs and the surface indentation
in the vertically-arranged case (Figure 5.2A) for increasing L;,. (B) Phase shift between
the indenter displacement wave and the maximum PC displacement for the superficial
(6Mmechy and deep (822¢€") PCs in the vertically-arranged case. (C) Amplitude ratio between
for the central (p4, solid line) and lateral (p,, dashed line) PCs and the surface indentation
in the horizontally-arranged case (Figure 5.2B) for increasing Li,. (D) Phase shift between
the indenter displacement and PC displacement waves for the central (§72¢°") and lateral

(6Mmechy PCs in the horizontally-arranged case.
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Figure 5.5: Phase shift of action potentials (555 ) for vertically- and horizontally-

arranged PCs with increasing Ly,. (A) 6°™ for the superficial (PC,) and deep (PCy)
PCs in the vertically-arranged case (Figure 5.2A) for increasing Lj,. Inset figures show
representative raster plots of the simulated action potentials from the superficial (solid line)
and deep (dashed line) PCs. Inset scale bar corresponds to 5 ms. (B) 67 for the central
(PC)) and lateral (PC;) PCs in the horizontally-arranged case (Figure 5.2B) for L;,. Inset

figures show representative raster plots of the simulated action potentials from the central

(solid line) and lateral (dashed line) PCs. Inset scale bar corresponds to 5 ms.
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Figure 5.6: Contour plots of p;, and 875" resulting from stimulation at varying

locations on skin mesh surface. (A) Contour plot of the ratio p;, measured after
indentation at each point on the skin surface, where PC; is outlined in red and PC; is out
of the picture (in the negative x direction) for a quarter of the skin. (B) Contour plot of the

value 51" where phase shifts in degrees are shown with time conversions in parentheses.
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Figure 5.7: Amplitude ratios (p;s, p2s) vs. 1/Ljs and phase shifts (67", <Py vs.
L;s for the two PCs simulated in Figure 5.6. (A) p;s (red circles) and p,¢ (blue squares)
are plotted vs. 1/L;js, where L;s is the distance from the center of each PC to the center of
the indenter. PC; is the PC outlined in red in Figure 5.6 and PC,; is out of the picture (further

from the indenter). (B) 571" (red circles) and §2¢¢" (blue squares) are plotted vs. Ljs.
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Figure 5.8: Effect of py, and 875" on &52™ within a cluster of 2 PCs. (A) 6°7™°

measured from a cluster of 2 PCs with varying p,, ratios and 8§2¢" = 0. The values of 4,
and A, were adjusted so that A; and A, were equal to various multiples (1X, 2X, 4X) of
the amplitude threshold required for action potential firing at p;, = 1. (B) 6155 e measured

from 2 PCs with varying §%¢°" and p,, = 1. (C) Plot from (B) zoomed in on 0-2 ms range

for comparison with (A).
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Figure 5.9: Indenter locations around an ellipse and calculated 555 at different PC

depths. (A) The skin was indented with the indenter located at positions indicated by filled

diamonds in the pattern shown here. The locations of the two PCs (black unfilled circles)

were kept constant and the angle of the indenter with respect to the axis of PC alignment

(¢) was varied along the edge of an ellipse with a semimajor axis of length 2 mm and a
spike

semiminor axis of length 1.73 mm. (B) 6;;,  was calculated for each indenter location

shown in Figure 5.9A at PC depths of 1, 2, and 3 mm.
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CHAPTER 6: MICROPIPETTE ASPIRATION OF THE

PACINIAN CORPUSCLE

The content of this chapter was accepted as a research article to the Journal of
Biomechanics (Quindlen, Bloom, Ortega, Moeller, Barocas) in August 2017 and is

currently in press [116].

6.1 Summary

Previous theoretical and computational studies have modeled the physiological
response of the PC to sustained or vibrating mechanical stimuli, but they have used
estimates of the receptor’s mechanical properties, which remain largely unmeasured. In
this study, I used micropipette aspiration (MPA) to determine an apparent Young’s
modulus for PCs isolated from a cadaveric human hand. MPA was applied in increments
of 5 mm H,O (49 Pa), and the change in protrusion length of the PC into the pipette was
recorded. The protrusion length vs. suction pressure data was used to calculate the apparent
Young’s modulus. Using 10 PCs with long-axis lengths of 2.99 mm + 0.41 mm and short-
axis lengths of 1.45 mm + 0.22 mm, I calculated a Young’s modulus of 1.40 £ 0.86 kPa.
This measurement is on the same order of magnitude as those approximated in previous
models, which estimated the PC to be on the same order of magnitude as skin or isolated

cells, so I recommend that a modulus in the kPa range be used in future studies.
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6.2 Introduction

The PC has long intrigued biomechanicians, with seminal theoretical work done by
Loewenstein and Skalak half a century ago [23]. More recently, the field of haptics and the
emerging need for better haptic feedback systems [114] have inspired the development of
computer models of how our peripheral nervous system, and specifically
mechanoreceptors, encode vibrotactile stimuli. Models of PC mechanics are becoming
quite common [23,24,32,109,115]. In spite of the high degree of sophistication and
creativity in PC models, the lack of complete data to specify the model parameters remains
a considerable obstacle. Previous characterization studies [16,25,35,36] identified the
microscopic structure of the PC and thus informed the structural components of theoretical
models. Mechanical studies, however, have been much less common and have focused
primarily on kinematics, in particular how imposed static surface displacements are
transmitted through the PC structure [10,23]. To our knowledge, there has been no
published study of PC mechanics that included an actual force or stress measurement. A
review article by Bell et al. [18] stated that the Young’s modulus of the PC was measured
at 1 kPa, but the cited source was a conference abstract [125] that does not include a value
or any experimental data; One might guess that Pietras and Bolanowski discussed
measurements in the presentation, but they never published their results. As a result, a wide
range of values for the Young’s modulus of the PC has been used in theoretical models. In
their earlier work, Loewenstein and Skalak [23] suggested a PC modulus in the MPa range,
comparable to that of arterial wall; in contrast, Giiclii et al. [109] and Biswas et al. [32]
argued for a modulus in the kPa range, closer to that of skin or an isolated cell, and obtained

much more realistic results from their models when using the lower modulus value, as did
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I in my recent work presented in Chapters 2-5 [24,33,115]. None of these studies, however,
used a value based on mechanical characterization of the PC.
To address this gap, I performed micropipette aspiration on isolated PCs to

characterize the Young’s modulus of PCs obtained from the cadaveric human hand.

6.3 Methods

6.3.1 PC isolation

The University Anatomy Bequest program provided a hand specimen for PC
collection. Ten PCs were isolated from the palm and index finger of a 63-year-old female.
A longitudinal midline incision was made from the distal palmar flexion crease to the distal
interphalangeal joint flexion crease of the index finger. Full thickness skin flaps were
elevated. The radial and ulnar neurovascular bundles were identified in the proximal aspect
of the incision and traced distally. The PCs were identified under loupe magnification and
harvested utilizing microsurgery instruments and atraumatic dissection. Mean length
values and aspect ratios of the PCs are listed in Table 6.1.
6.3.2 Micropipette aspiration (MPA) experimental set-up

MPA, which has been used often to characterize the mechanical behavior of single
cells (e.g. [179-183] ), was applied to the PC for our purpose. MPA involves applying
negative pressure to the surface of a deformable object with a micropipette, usually in
regular pressure and time increments. The protrusion of the aspirated specimen into the
micropipette is monitored to determine its Young’s modulus [180,184].

The MPA apparatus consisted of a mounted pipette (666 pm inner diameter)
connected by polyethylene tubing to a height-adjustable water reservoir. The specimen to

be studied was placed in a petri dish filled with 0.9X PBS solution located on the
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microscope stage at the pipette tip. The water reservoir was raised or lowered until the
sample adhered to the pipette tip without entering the pipette. As the fluid surface of the
reservoir was lowered below the height of the fluid surface in the petri dish, a negative
pressure was applied, and the specimen was drawn into the micropipette. A Leica S6D
microscope with a MotiCam 1000 digital microscopy camera working with MoticImages
2.0 Plus was used to image the protrusion of the PC into the micropipette.

Each PC was tested in two different orientations: once with the pipette parallel to
the short axis (Figure 6.1A; henceforth “SA orientation’’) and once with the pipette parallel
to the long axis (Figure 6.1B; “LA orientation”). For each orientation, suction pressure was
increased as the water reservoir was lowered in 5 mm (49 Pa) increments and held for two
minutes at each pressure (henceforth referred to as “increasing” trials). The process was
repeated until a total height change of 80 mm (applied suction pressure of 784 Pa) was
achieved. Pressure was then decreased at the same rate until the water reservoir had
returned to its original position (“decreasing” trials). Images were taken at each pressure
step.

Two minutes was deemed a sufficient amount of time to allow the tissue to
equilibrate with the applied pressure following preliminary equilibration experiments
(Figure 6.2). In these experiments, the PC suction pressure was set to a value in the range
49-196 Pa for 5 minutes and the protrusion length into the pipette (SA orientation) was
recorded every 30 seconds. After 2 minutes of equilibration at all four suction pressures,
the protrusion length change (Ad) was greater than 99% of the maximum protrusion length
change (Ad,,,) recorded. The data shown in Figure 6.2 were fit to exponential decay

(Equation 6.1), where c¢; measures the height of growth and c, inversely is the
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characteristic relaxation time. The time constant ¢, changed for each pressure setting but
was never above 38.8 seconds (mean = 19.0 seconds, SD = 14.7 seconds).
Ad/Ad,, =1 —cie(e) (6.1)
6.3.3 MPA analysis
The protrusion length of the PC into the pipette tip was determined by calculating
an average of three measurements obtained using ImageJ software (U. S. National
Institutes of Health, Bethesda, MD, USA, http://imagej.nih.gov/ij/, 1997-2016) at each
pressure level. We identified three potential sources of error in the protrusion length
measurement. The largest was the pixel size, which was 22.45 um for our standard
image. We also tested intraobserver reproducibility (c = 3 um for three independent
measurements by the same observer) and interobserver reproducibility (¢ = 16.4 um for
measurements by eleven different test observers). Based on these values, we estimate that
the error in our measurements was 20-25 pm. In light of the estimated 20-25 pm error, we
needed to use a pipette large enough to allow for a protrusion of hundreds of microns. This
larger pipette size, however, made the common assumption of a half-space material
inaccurate, so data were analyzed using the fitted model of Zhou et al. [183]. The apparent
Young’s modulus E was calculated by fitting the plot of protrusion length vs. the applied

suction pressure to the large-pipette correction equation of Zhou et al.:

R¢

s lﬁl 4 p, (%)Zl Il () (62)

where R, is the inner radius of the pipette, R, is the radius of the PC, AP is the change in

applied pressure, Ad is the change in protrusion length of the aspirated sample into the
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pipette tip, f; = 2.0142, 5, = 2.1186, p; = 2.1187, f, = -1.4409, and S5 = 0.3154. The
change in protrusion length of the aspirated sample into the pipette tip (Ad) was
approximated as
Ad =L, —L, (6.3)
where L, was the aspirated protrusion length of the sample into the pipette at various
pressure values as measured in the experiment and L, was the protrusion of the sample into
the pipette at zero pressure. L, could not be measured in our experiments, so it was also
treated as a fitting parameter. Values 0f 0.16 = 0.07 mm and 0.20 £ 0.08 mm were obtained
for the low suction pressure regimes of the increasing and decrease pressure trials for the
SA orientation, respectively. Values 0f 0.19 £ 0.07 mm and 0.27 £+ 0.05 mm were obtained
for the low suction pressure regimes of increasing and decrease pressure trials for the LA
orientation. L, changed from the low- to high-pressure regimes due to the nonlinearity of
the material, but we only report the L, values for the low-pressure (small strain) regimes
because these values are more relevant.
We refer to E as an apparent Young’s modulus because Equation 6.2 is derived for
a homogeneous linear solid, whereas the PC is not homogeneous and could experience
large strains during the experiment. The value used for R, was an effective radius that was
dependent on the pipette’s orientation. Due to the PC’s ellipsoidal shape, the two radii of
curvature (R;and R,) exposed to the pipette in each orientation were used to calculate the
harmonic mean radius (H). H was used for R, in Equation 6.2 where H is calculated with

the equation
1 1(1 | 1
=1t (64)
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For the SA orientation (Figure 6.1A), the PC surface exposed to the pipette had one
radius of curvature equal to the long axis (R;4) and one equal to the short axis (Rg,). H
was given by
-2 ) ®
For the LA orientation (Figure 6.1B), the radii of curvature exposed to the pipette
were both Rg,, so the effective radius of the PC was Rgy,.
The apparent Young’s modulus was calculated by fitting Equation 6.2 to protrusion
length vs. suction pressure data for each of two suction pressure regimes that occurred in
increasing and decreasing pressure trials: low suction pressure (49-392 Pa) and high

suction pressure (441-784 Pa).

6.4 Results

A time series of the images acquired at each suction pressure during an experiment
is shown in Figure 6.3 for a representative PC tested in the SA orientation. ImageJ was
used to measure the protrusion length for each image. Measured protrusion lengths for a
representative PC during MPA are shown for both increasing and decreasing pressure trials
with the pipette in the SA (Figure 6.4A) and LA orientations (Figure 6.4B). Figures 6.4A
and 6.4B show the protrusion length vs. suction pressure for the entire range of pressures,
with lines of best fit in the low-pressure (49-392 Pa) and high-pressure (441-784 Pa)
regimes. As can be seen in Figure 6.3 and Figures 6.4A and 6.4B, there was a slight plateau
in protrusion length for the decreasing pressure trial in the high-pressure regime, as the PC
did not exit the pipette at the same rate at which it entered. The final protrusion length

measurement at 49 Pa was greater than the initial protrusion length measured at this same
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pressure at the beginning of the experiment, indicating that the PC did not completely exit
the pipette as pressure was decreased.

The data shown in Figures 6.4A and 6.4B were used to calculate E via Equation
6.2 for the low- and high-pressure regions of the increasing and decreasing pressure trials
in each pipette orientation, resulting in eight modulus values per PC. The average moduli
and 95% confidence intervals are plotted in Figures 6.4C and 6.4D for both pipette
orientations and both pressure regimes. All average modulus values in Figures 6.4C and
6.4D are on the order of a few kPa, which is comparable to values recently used in
computational PC models [24,32,109] and the value cited in the literature [18,125].

There was no significant difference (p > 0.05) between the E values calculated in
the SA and LA orientation results for all pressure regimes and trials. Thus, the apparent
modulus can be obtained from MPA in either orientation. When considering the apparent
modulus calculated for increasing vs. decreasing pressure trials in the different orientations,
there was no significant difference (p > 0.05) between the E values calculated in the
increasing and decreasing pressure trials for either pressure regime in the LA orientation
or for the SA orientation low-pressure regime. There was, however, a significant difference
between the increasing and decreasing pressure trials in the SA orientation high-pressure
regime (p <0.02). There was therefore only a difference in the apparent modulus calculated
from increasing vs. decreasing pressure trials in one of the four orientation/pressure regime
combinations. The low-pressure regime was deemed the more physiologically-relevant
value to characterize the receptor, as the PC responds to low-amplitude vibrations [20,21].
The average apparent Young’s modulus for all low-pressure data in both pipette

orientations was 1.40 + 0.86 kPa.
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6.5  Discussion

The major contribution of this study is the characterization of the PC’s apparent
Young’s modulus via mechanical experiments. This is, to our knowledge, the first
published study to identify the Young’s modulus of isolated human cadaveric PCs, or of
PCs from any species. The results of this study will better inform future computational
models of the receptor and will lead to more accurate simulations of PC dynamics.
Evaluating the mechanical characteristics of the PC is a critical step towards understanding
the mechanical-to-neural transduction process of the receptor and the phenomenon of
vibrotactile sensitivity.

Prior to this study, computational models [23,24,32,109,115] of the PC have largely
relied on mechanical comparisons between the PC and other anatomical structures when
selecting a Young’s modulus approximation for the PC and/or choosing values that resulted
in the model matching the PC’s characteristic bandpass behavior. The cited studies have
modeled PC mechanics with modulus values ranging from the kPa scale, comparing the
PC’s stiffness to that of an isolated cell [32] or skin [109,115], to the MPa scale, comparing
the PC’s stiffness to that of arterial walls [23]. The average modulus obtained in this study,
1.40 = 0.86 kPa, is much closer to the modulus values used in recent publications
[24,32,109,115] and that anecdotally mentioned by Bell et al. [18], suggesting that the PC’s
stiffness is on the same order of magnitude as that of skin [109,185].

The PC has a highly detailed inner structure composed of a central neurite
surrounded by an inner core of bilaterally-arranged lamellae derived from Schwann cells
[36,43,49], an intermediate growth zone [36], and an outer core of alternating layers of

concentrically-aligned epithelial-type lamellae and fluid-filled spaces [18,36]. The PC is
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therefore a complex, multilayered structure with mechanics that are governed by the
lamellar modulus and fluid viscosity within the PC’s different inner zones. In this study,
however, the PC was analyzed as a homogenous material, yielding a single apparent
modulus for the entire structure. Caution must be taken in comparing results of this study
to previous models [23,24,32] that used a lamellar modulus and not an effective overall
tissue modulus. A single modulus approximation for the entire receptor, however, can still
inform computer models of PC mechanics. In this study, we approximated the PC to be a
solid sphere, which may be considered one limit at which the PC can behave. The other
limit, which involves approximating the PC as a solid shell encapsulating a fluid structure,
has been explored in micropipette modeling studies on cell mechanics [186—188]. At this
limit, the Young’s modulus for the solid shell can be estimated [188,189] from our data,
and a value of 2.96 kPa was obtained for the one-shell limit. The actual behavior of the PC
likely falls somewhere between these two extremes, as the PC structure contains multiple
layers and is not a homogeneous solid [36]. Thus, the PC’s Young’s modulus can be
hypothesized to be on the order of a few kPa.

The experiments performed in this study explored the mechanical properties of the
PC under steady-state conditions. While steady-state characterization is an important
metric, and these experiments are able to provide us with a first experimental
approximation of a PC’s properties, they do not do so on a physiologically-relevant time
scale, as the PC responds to frequencies in the 20-1000 Hz range [20,190] and therefore
behaves on the millisecond time scale [148]. Obtaining the mechanical properties of the
PC under dynamic conditions during its normal deformation is critical to understanding

how the PC responds to vibrations in vivo.
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Two pressure regimes were seen in the data: a low-pressure regime, which occurred
between 49 and 392 Pa suction pressure and was characterized by high initial deformation,
and a high-pressure regime, which was between 441 and 784 Pa and showed less
deformation in response to changes in pressure. The apparent Young’s modulus E was
calculated for both pressure regimes (Figures 6.4C and 6.4D). As mentioned previously,
the E value for the low-pressure regime (1.40 + 0.86 kPa) was deemed the more
physiologically-relevant value to characterize PC mechanical behavior. During the
experiment, the PC was aspirated into the pipette as pressure was increased. There was no
significant difference between the apparent stiffness for the low- and high-pressure regimes
when the pipette was in the SA orientation for the increasing (p = 0.055) pressure trials.
There was, however, a significant difference between the two pressure regimes in the SA
orientation for the decreasing (p = 0.0027) pressure trials. When the pipette was in the LA
orientation, there was a significant (p = 0.0062) change in stiffness between the low- and
high-pressure regimes of the increasing pressure trial but no significant (p = 0.062)
difference between the two regimes in the decreasing trial. The increase in apparent
modulus between the two regimes may be a result of collagen fiber recruitment in the tissue
at higher aspiration pressures [191]. When the maximum suction pressure was reached
(784 Pa), pressure was decreased until the PC lost contact with the pipette at 0 Pa. A slight
plateau in measured protrusion lengths occurred during the high-pressure region as suction
pressure was decreased, suggesting that friction between the sample and the pipette may
have limited the sample’s motion. Applying non-adhesive agents to the pipette tip may
prevent friction between the PC and pipette wall during decreasing pressure trials in future

experiments. At the final applied suction pressure during the trial (49 Pa), the measured
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protrusion length was greater than that measured at 49 Pa suction pressure in the beginning
of the aspiration (Figures 6.4A and 6.4B). The aspirated PC therefore did not completely
escape from the pipette as pressure decreased. This may be indicative of viscoelastic or
poroelastic hysteresis within the tissue, as the PC contains alternating layers of fluid and
solid lamellae which contribute to the receptor’s viscoelasticity. Future experiments on
dynamic loading of isolated PCs will be useful to provide insight into the time-dependent

behavior of the tissue.
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Table 6.1: Mean length values of PCs used in MPA experiments

Number of samples 10

Long Axis Length (mm) 2.99+0.41
Short Axis Length (mm) 1.45+0.22
Aspect Ratio (Long:Short) | 2.09 +£0.33
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Figure 6.1: PC in two different MPA experiment pipette orientations. The PC was

positioned with the micropipette parallel to its (A) short axis (SA) and (B) long axis (LA).

The scale bar is the same for both images.
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Figure 6.2: PC equilibration time experiment. The suction pressure was set between 49-
196 Pa for 5 minutes and the protrusion length of the PC into the pipette was recorded at
time intervals of 30 seconds. The ratio of the protrusion length change to the maximum
recorded protrusion length change at each pressure (Ad/Admax) is plotted. A dashed,
vertical line is drawn at 2 minutes, which was the time deemed sufficient to allow the PC
to equilibrate with the applied pressure. After 2 minutes, Ad/Admax was greater than 0.99

for the four suction pressures tested in this equilibrium study.
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Figure 6.3: Time series of MPA images. Images acquired at each suction pressure for one

representative PC in the SA orientation are shown. Suction pressure is written in the upper
right hand corner of each image. The images are in the order of increasing followed by

decreasing pressure trials. The scale bar in the 0 Pa image indicates 1 mm.
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Figure 6.4: MPA results. (A) Average protrusion length vs. pressure for a representative
PC with the pipette in the SA orientation (Figure 6.1A). Data points for increasing pressure
trials are shown in red circles, with the lines of best fit for the low (49-392 Pa) and high
(441-784 Pa) pressure regions plotted as solid red lines. Data points for decreasing pressure
trials are shown in blue squares, with the lines of best fit for the low displacement and high
displacement regions plotted as solid blue lines. (B) Average protrusion length vs. pressure
for a representative PC with the pipette in the LA orientation (Figure 6.1B). (C) Average
moduli calculated for the PCs (N=10) with the pipette in the SA orientation for low- and
high- pressure regimes for increasing (red) and decreasing (blue) pressure trials. Error bars
indicate the 95% confidence interval. (D) Average moduli calculated for the PCs (N=10)

with the pipette in the LA orientation. Error bars indicate the 95% confidence interval.
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CHAPTER 7: AN INTER-SPECIES ANALYSIS OF THE

PACINIAN CORPUSCLE’S FREQUENCY SENSITIVITY

The content of this chapter is still in preparation. Only preliminary findings are reported.

7.1  Summary

The somatosensory systems of different species are specialized to the needs of the
species. The location and structure of the PC and its avian-equivalent, the Herbst corpuscle
(HC), can be fine-tuned to reflect the functional needs of an individual species. In this
study, I performed a thorough literature search to compile the structural parameters of PCs
and HCs from various species based on the availability of histological images. I then used
the previously-derived equations [33] for peak frequency and bandwidth to predict these
frequency responses of each species. Our preliminary findings show that frequency
response does not correlate with animal size or class. These findings can be compared to
experimentally-obtained frequencies sensitivities of various animals reported in the

literature.

7.2  Introduction

Vibrotactile sensitivity across different groups of animals is fine-tuned to fit the
needs of a specific species [192]. Different species rely on vibrotactile sensitivity for
various purposes, such as hunting prey or detecting predators. The PC has been reported in
species ranging from mammals to reptiles to amphibians and has been located in various
anatomical locations, from the hands of humans [17] to the feet of elephants [78]. The PC’s
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avian equivalent, the Herbst corpuscle (HC), is found in the bill and other anatomical
locations in birds [6,192]. The PC and HC show functional similarities but some structural
differences, such as their inner core organization [6,18].

Corpuscles are used for hunting and catching prey in various species. The
somatosensory organs of snakes are specialized to aid in hunting, as they must rely on their
sense of touch to hunt and catch fish in complete darkness and may use vibrations of
surrounding water to locate their prey [192,193]. Crocodiles also rely on their sense of
touch to hunt in dark environments [192]. The star-nosed mole uses its star organ, which
includes 22 mechanosensitive appendages (Eimer’s organs) around the nostrils, to forage
in muddy soil [194]. Each Eimer’s organ is innervated by various mechanoreceptor units,
including Pacinian-like corpuscles, and is the densest population of mechanosensitive end
organs found in mammals [192,194,195].

Birds rely on tactile sensitivity within their skin and beaks or bills (rostrum). Birds
that forage for prey, such as the kiwi and sandpipers, rely on their sense of touch in their
bills to locate invertebrates in sand and soil via “remote touch”, through which birds sense
the vibrotactile signals of burrowing prey to locate them [192,196]. Anseriformes, which
is an order of birds that includes ducks, geese, and swans, rely on their sense of touch to
hunt in aquatic environments. Some species of ducks use “dabbling”, during which they
move their mechanosensitive bill back and forth in water, to forage [192].

The PCs of mammals are implicated in various functions depending on their
anatomical location. The PCs of human and monkey hands are localized to areas necessary
for gripping and tool manipulation [34]. Elephants are believed to use PCs located within
their feet to sense low-frequency (20-40 Hz) seismic waves for long-distance
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communication [78]. It has been suggested that kangaroos and cats, with PCs located in
their extremities, use PCs to sense ground vibrations, which could aid in the detection of
predators [80].

The goal of this study was to use my previously-developed PC model [24,33] to
predict functional differences between PCs and HCs of different species based on their
structural differences. Specifically, peak frequency and bandwidth were analyzed via
previously-derived equations [33] that predict these frequency responses from the

structural parameters of the PC or HC outer core.

7.3 Methods

7.3.1 Modeling scheme

The previously published [24,33] three-stage model of the PC’s mechano-to-neural
transduction process presented in Chapters 3-5 was used to simulate the response of PCs
to vibration. In Chapter 4, the Stage 1 model was run for various values of its five key
structural parameters and equations were obtained for peak frequency (®peak, defined as the
frequency of peak strain amplification) and bandwidth (B, defined as the frequency range
over which strain amplification occurred) as a function of the following structural
parameters: lamellar modulus (E), lamellar thickness (h), fluid viscosity (u), PC outer

radius (R,), and number of lamellae (N). The following equations were obtained from this

analysis:
1.605x10-° N5 ElL (7.1)
peak ‘LLR
B=1.747x10"° N*%! E—If (7.2)
UR,
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The structural parameters N, R,, and h were collected for various animals as
described below. The value for E was approximated to be 1.4 kPa, which is the apparent
modulus value obtained from micropipette aspiration of human cadaveric PCs in Chapter
6 [116]. No experimental data has been obtained for the properties of the inter-lamellar
fluid in PCs, so p was approximated to be 3.5 mPa-s, or approximately 5 times that of

water, as the viscosity value has been suggested to be 2-10 times that of water [32].

7.3.2 Species selection and PC structural analysis

A thorough literature search was performed to obtain the structural parameters of
the PC’s outer core required to run the model. Species were selected based on the
availability of relevant data and quality of published histological figures. For the cat PC,
the number of lamellae (N), lamellar thickness (h), and outer radius (R,) were obtained
from previously published findings [23,36]. All other species’ properties were estimated in
ImageJ [197] (U.S. National Institutes of Health, Bethesda, MD, USA,
http://imagej.nih.gov/ij/, 1997-2017). N was counted by an observer and R, and average h
was measured using the provided scale bars for the obtained images. In the cases where a
scale bar was not provided, R, and average h were reported in terms of pixel quantity, as
only the ratio between these measurements and not the actual values was necessary in
Equations 7.1 and 7.2. The structural data obtained from each species and the relevant
references are listed in Table 7.1 and shown in Figure 7.1. These parameters were used as

inputs to Equations 7.1 and 7.2 to calculate mpcak and B for each animal.

7.4 Results

The structural parameters listed in Table 7.1 were used as inputs to Equations 7.1 and

7.2 to calculate the frequency response properties of the corpuscles of various species. The
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values of ®,cak and B for each animal are shown in Figure 7.2. The data in Figure 7.2 are
categorized by animal class. Despite their differences in mass, both reptiles analyzed in
this study (snake and crocodile) have similar ®yec values at 80.06 and 81.03 Hz,
respectively (Figure 7.2A). There is no clear trend in ®pcak for the four birds analyzed in
this study as the goose and rooster have similar masses (4.38 kg and 3.45 kg) but show
large differences in peak frequency (62.62 Hz and 19.80 Hz). Finally, there is no
relationship between animal mass and peak frequency for the mammals tested in this study,
as the results show the star-nosed mole and gray whale, which have large differences in
mass (55 g vs. 36 Mg) have similar peak frequencies at 46.67 Hz and 55.70 Hz.

7.5 Discussion

The frequency sensitivity results predicted by the model can be compared to
experimental findings or observations reported in the literature. While the vibrotactile
sensitivity of corpuscles within all species analyzed in this study has not been reported,
experimentally-obtained frequency responses or hypothesized results have been reported
for some species and are discussed below.

Electrophysiological recordings from trigeminal neurons of tentacled snakes showed
maximum sensitivity and phase-locking with the stimulus in the 50-150 Hz frequency
range in response to mechanical stimulation of the tentacles [198]. My results predict peak
sensitivity of the PCs of Japanese-striped snake to be 80.05 Hz, which falls within the range
reported for tentacled snakes.

Recordings from geese and ducks show sensitivity to vibrations between 50 and 1000
Hz[199,200]. The peak frequency of 62.62 Hz predicted in this study falls within the broad

frequency range reported in the literature.
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While the activity of PCs in the elephant foot has not been recorded, it is believed that
PCs play a role in sensing the low frequency (20-40 Hz) seismic waves in the air and
ground used by elephants for long-distance communication [78]. The results of this study,
however, suggest that the peak frequency of elephant PCs is 1024.99 Hz, which is much
greater than the low-frequency communication waves. However, the large bandwidth
(5260.93 Hz) reported in this study suggests that elephant PCs may also have an effect at
lower frequencies. The outer radius and number of lamellae in elephant PCs are on the
same order of magnitude as smaller animals, such as the human and cat (Figure 7.1). If
these properties were to scale with animal size, the peak frequency of elephant PCs would
be much larger than 1024.99 Hz.

Electrophysiological recordings of isolated PCs from cat mesentery showed that the
average peak frequency at which PCs fired 1 spike per stimulus cycle was 270 Hz [20].
My predicted peak frequency for the cat PC, 68.23 Hz, is less than the reported average
frequency but on similar orders of magnitude.

While the peak frequency of isolated human PCs has not been reported, experiments
by Brisben et al., [70] in which human subjects held a vibrating rod, reported peak
frequencies between 150 and 200 Hz. My reported peak frequency for human PCs, 397.24
Hz, is larger than this value but is within the typical human sensitivity range for PCs
[18,19].

The preliminary results presented in this chapter provide a first glance into a
computational comparison of the frequency response of PCs and HCs in different species.
Animals with masses spanning over five orders of magnitude were analyzed in this study.

Despite such a large mass difference between the animals, PC and HC outer radii collected
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from histological images only spanned two orders of magnitudes and the number of
lamellae ranged from 7-30. Therefore, the enormous range of animal sizes was not
represented by an equally large span of PC properties. The predicted peak frequencies
spanned two orders of magnitude, with the smallest predicted peak frequency (10.62 Hz)
modeled for dog PCs and the largest (1024.99 Hz) modeled for elephant PCs. The results
of this study show that animal size alone cannot be used to predict differences in PC or HC
structure or peak frequency. Future work must be done to understand the physiological
reasons behind the different frequency sensitivities of the species analyzed in this study

and to validate the model with experimental findings.
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Table 7.1: Animal and PC information

Animal Species Name Animal Corpuscle | Number | Lamellar Peak Bandwidth Ref.
mass (kg) | radius of thickness Frequency | (Hz)
(nm) lamellae | (um) (Hz)
Cat Felis catus 4.04 255.6 30 0.2 68.23 37491 [23,36]
Crocodile Crocodylus niloticus | 386 75.14 10 3.18 81.03 263.9 [201]
Dog' Canis familiaris 46.5 1971.24 10 10.92 10.62 34,58 [202]
Elephant Elephas maximus 4082 317.3 26 6.13 1024.99 5260.93 [78]
Emu Dromaius 37.9 61 15 1.77 226.99 896.71 [203]
novaehollandiae
Frog Rana esculata 0.04 59.99 15 1.60 208.85 825.05 [204]
Goose Anserini 4.38 33.83 9 1.60 62.62 193.99 [205]
Human Homo sapien 62.1 190 28 1.1 397.24 2112.09 [24]
Kangaroo | Macropus giganteus | 90.7 240.7 15 4.14 134.80 532.52 [80]
Star-nosed | Condylura cristata 0.055 4.6 10 0.11 46.67 151.99 [206]
Mole
Monkey' Ateles fusciceps 1.81 720.9 10 16.92 44.98 146.49 [207]
Mouse Mus musculus 0.0193 54.67 12 2.77 183.15 650.59 [208]
Ostrich Struthio camelus 107 37.51 7 3.20 47.39 130.26 [203]
Porpoise Phocoena phocoena | 54.4 18.6 10 0.89 91.30 297.36 [209]
Rat Rattus 0.23 92.67 18 1.97 314.69 1355.85 :
Rooster' Gallus gallus 3.45 203.8 8 4.57 19.80 57.98 [210]
Snake' Elaphe quadrivirgata | 0.33 977.6 18 5.30 80.06 344.93 [211-
213]
Whale Eschrichtius 36000 74.02 9 3.10 55.70 172.55 [214]
robustus

" Outer radius and lamellar thickness reported in pixels

? Figure generously provided by Dr. Burak Giiglii (Bogazigi University) for analysis
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Figure 7.1: PC and HC structural parameters (R,, N, h) for various species. (A)
Corpuscle radius (R,) vs. animal mass for the animals analyzed in this study. The color and
shape of the data points reflect the class of each animal. Red circles indicate mammals,
blue squares indicate birds, green triangles indicate reptiles, and black diamonds indicate
amphibians. The name of each animal is listed next to the corresponding data point. (B)
Number of lamellae (N) in the corpuscle outer core vs. animal mass. (C) Average lamellar

thickness (h) vs. animal mass.
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Figure 7.2: Peak frequency (®pca) and bandwidth (B) for various animals. (A) The
peak frequency (®peak) calculated via Equation 7.1 for the animals listed in Table 7.1 vs.
animal mass. The color and shape of the data points reflect the class of each animal. Red
circles indicate mammals, blue squares indicate birds, green triangles indicate reptiles, and
black diamonds indicate amphibians. The name of each animal is listed next to the

corresponding data point. (B) Bandwidth (B) calculated via Equation 7.2 vs. animal mass.
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CHAPTER 8: DISCUSSION AND CONCLUSIONS

8.1 Summary

The research presented in Chapters 2-7 of this dissertation focuses on
computational and experimental characterization of the mechanical behavior of PCs. In my
thesis research, I used computer modeling of single PCs (isolated or in vivo) or multiple
PCs (in vivo) under steady-state or dynamic mechanical stimuli to model the mechanical
and neural behavior of the receptor. I also performed experiments to characterize the
steady-state mechanical behavior of single, isolated human cadaveric PCs, which not only
provides insight into the mechanics of the receptor but can also be used to inform future
models of PC mechanics.
8.2  Significance and broader impact

The major contributions of the research presented in this dissertation are
comprehensive computer models of the entire mechano-to-neural transduction process of
the PC. Both mechanical and neural models were developed to simulate various aspects of
the PC’s response to mechanical stimuli, providing insight into the effects of the PC’s
structural and mechanical properties on its behavior. The models developed in this
dissertation captured and simulated the PC’s response to instantaneous, vibratory, and
sustained mechanical stimuli, which are all important mechanical regimes to consider in
the study of the PC.

The two main models developed in this thesis, which are the multiscale modeled

presented in Chapter 2 and the three-stage multiphysics model introduced in Chapter 3,
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were compared to mechanical [109] and neural [20] experimental data previously
published in the literature. The multiscale model in Chapter 2 [115] was compared to
experimental data published by Giiglii et al. [109] in which PCs isolated from cat mesentery
were indented by cylindrical contactors with step waveforms. In their study, Giiglii et al.
[109] compared the experimental displacements through the PCs to those obtained in finite-
element simulations of an isotropic linear elastic ellipsoid, but their model was unable to
capture the nonlinear trend of the experimental data. The multiscale model developed in
Chapter 2, however, was able to capture the experimental data when circumferentially-
aligned Delaunay networks were inserted into model to mimic the lamellae (Figure 2.4A).
The neural output of the three-stage multiphysics model first introduced in Chapter 3 [24]
was compared to Bolanowski and Zwislocki’s [20] action potential firing rates recorded
from cat mesenteric PCs stimulated with sinusoidal indentations at increasing
displacements. Both experiments and simulations showed a U-shaped trend (Figure 3.9) of
indentation displacement vs. frequency when reporting the indentation displacements
required to initiate any neural firing (response threshold) and the displacements required
to initiate firing at the indentation frequency (tuning threshold).

The research completed in this thesis resulted in detailed mechanical and neural
models of the PC that can simulate the entire process through which a mechanical stimulus
applied to the PC results in neural spiking. These models covered single and multiple PCs,
isolated and embedded PCs, and accounted for the detailed structure of the PC to varying
degrees. In addition, the first published mechanical experiments on human cadaveric PCs,
as well as the first published experiments obtaining a force or stress measurement on a PC,
were performed. The content of this thesis has greatly contributed to the PC literature by
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increasing our knowledge of the PC’s mechano-to-neural transduction process. By
understanding this process, we can also begin to characterize the mechanosensation of
other receptors and nerve endings and to explore how hundreds of receptors in a single
hand interact to send detailed sensory feedback to our somatosensory cortex and create our
sensation of touch. Characterization of the PC and other mechanoreceptors on the single
receptor level is critical to the scientific community’s understanding of how a network of
multiple receptors behaves on the whole-hand or whole-organ level. The emergence of the
field of haptics and the need for better neural feedback systems [114] have exposed the
urgent need for this fundamental understanding of mechanoreceptors. This research is
therefore a necessary first step towards the development of haptic feedback-enabled
prosthetics [114] and understanding the vibrotactile sensitivity associated with aging and
diseases, such as diabetic peripheral neuropathy [90,91].
8.3  The PC as a multiscale structure

The study of the PC and vibrotactile sensitivity is a multiscale problem that can be
analyzed on various levels with distinct length scales and tissues of interest. While most
the work presented in this thesis focused on the PC at the single-receptor level, the PC can
also be studied at the channel level, multi-receptor level, and whole-hand level. The
following sections discuss the current state of research at these different scales and what

the research presented in this thesis means in the context of each field.

8.3.1 The channel level (~nm)
The PC’s neurite contains various types of ion channels responsible for its neural
functioning. Ion channels have also been identified on the non-neuronal cells of the PC’s

inner core. Acid-sensing ion channels (ASICs), which belong to the degenerin/epithelial
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sodium channel (DEG/ENaC) superfamily and are non-voltage gated channels, are
expressed in sensory neurons and have been proposed to play a role in
mechanotransduction [42,150—-152]. Immunohistochemical studies on the presence of
ASICs in PCs identified ASIC1 protein expression in the neurites of human PCs [153] and
ASIC2 expression in the neurites and inner core lamellar cells of human and murine PCs
[152—154], which has also been detected in human Merkel cells and Meissner corpuscles
[154]. The role of ASIC2 in PC transduction remains unclear, as ASIC2 knockout in mice
did not significantly alter cutaneous mechanosensation [155], but the presence of these
channels in low-threshold mechanoreceptors suggests a role in mechanotransduction [154].
Immunocytochemical studies have also detected voltage-gated sodium and potassium
channels [40] and positive labeling for glutamate and glutamate receptors [26] on the inner
core lamellar cells of the cat PC.

The localization of ASIC2, voltage-gated channels, and glutamate on the non-
neuronal cells of the inner core suggest a possible chemical involvement of the inner core
in mechanotransduction. The lamellae of the inner core are believed to be specialized
Schwann cells [7,43,49], but no patch-clamp experiments have been performed on these
cells to characterize their electrical activity. In the models presented in this thesis, the inner
core was treated as a purely mechanical component of the PC as the chemical involvement
of the inner core in the PC’s transduction process is unknown.

The mechanically-gated channels of the PCs have not been studied at the single
channel level. Very little is known about the specific properties of these channels, despite
their role in the PC’s mechanotransduction process. Their location is hypothesized to be at
the bases of filopodial projections on the neurite’s membrane [27,43,46], as discussed in
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Section 1.2.1.1. While the properties of Pacinian mechanosensitive channels have not been
studied, the mechanosensitive channels of many other tissues, such as rat DRG neurons
[144], chick skeletal muscle [215] and crayfish receptor organs [216], have been probed.
In the absence of data on the mechanically-gated Pacinian channels, published research on
other channels [144] was used to convert measured strains on the neurite membrane into
an injectable current in the three-stage model introduced in Chapter 3 [24]. A sigmoidal
activation curve was constructed based on the activation time constants of a rapidly
relaxing current in rat DRG sensory neurons [144] for the conversion of strain to current.
While many other channels could have been selected as the PC analogue in this study, the
activation curves published by Hao and Delmas were selected based on their rapid
relaxation. A slowly-adapting type 1 (SA-1) receptor model by Lesniak and Gerling [110]
also used a sigmoidal function to convert the strain energy density of the receptor into
receptor current, and fit the parameters of their function to reproduce in vivo SA-1 firing
rates. Experiments on the mechanosensitive channels of the PC and other receptors are
necessary to provide information about the relationship between the receptor mechanics
and its current.

8.3.2 The single PC level (~pm-mm)

The PC has been studied extensively on the single-receptor level in both
experimental and computational approaches. Previous electrophysiological experiments on
cat mesenteric PCs have probed the neural responses (action potentials and receptor
potentials) of PCs in response to vibratory [20,21] and sustained [11] mechanical stimuli.

Experiments by Hubbard [10] in 1958 and later by Giiglii [109] in 2006 analyzed the
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displacement of lamellae in response to compression of the PC outer surface, and these
data were later modeled in published computational studies [23,109,115].

Many experimental investigations into the PC have focused on microscopy of the
PC’s inner structure, specifically the neurite’s shape and lamellar organization. Early
experiments involved microscopy of the PC’s outer and inner cores [36,46] and neurite
[35,36], which have resulted in very detailed descriptions of the inner structure of cat
mesenteric PCs. Recent work by Pawson et al. used immunocytochemistry to identify
proteins [43] and neurotransmitters [26,27] located on the PC’s lamellae and neurite and
draw conclusions about their possible involvement in the PC’s mechanotransduction.

As mentioned throughout this thesis, previous computational studies have created
detailed models of the mechanics and/or neuronal response of single mechanoreceptors,
including Merkel cells [110], Meissner corpuscles [107], and PCs [24,32]. Single-PC
models have examined different aspects of the PC’s structure, including the interaction
between fluid and lamellar layers [23,32], the concentric arrangement [115] and number
[24,32] of lamellae in the PC’s capsule, the PC’s ellipsoidal shape [109], and the PC’s
depth within the skin [115].

These published models have greatly informed the scientific community of
mechanoreceptor behavior, but they have limitations that must be considered in their
interpretation. The isotropic PC modeled developed by Giiclii et al. [109], for example,
considered the shape of the PC but did not account for its detailed inner structure. The
limitations of Giiglii et al.’s model in capturing experimental displacement trends through
the PC were overcome in Chapter 2. By modeling an ellipsoidal PC with concentric

collageneous layers [115], I was able to simulate Giiglii et al.’s experimental data and
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specifically capture the nonlinear trend in displacement as a function of distance into the
PC’s core.

While some models of PC mechanics, such as the model originally developed by
Loewenstein and Skalak [23] and later extended by Biswas et al. [124], did account for the
PC’s layered structure, these models had other limitations such as the overall shape of the
PC, which was modeled as a cylinder, or failing to account for the geometry of the inner
neurite. The modeled developed by Holmes and Bell [28,29] used a two-dimensional
approach to analyze the PC, and Grandori and Pedotti [108] employed a series of transfer
functions to simulate the receptor potential generated in the PC’s neurite. These models
have contributed to the understanding of the PC and other mechanoreceptors but they have
not been able to unify various characteristic properties of the PC, such as the geometry of
its lamellae and neurite and the behavior and location of its stretch-gated ion channels, into
a single, comprehensive model. The major contributions to the modeling of single PCs
arising from the research presented in Chapters 2-7 of this dissertation are discussed in the
subsequent paragraphs.

The research presented in this thesis modeled the three-dimensional structure of the
PC and its neurite. While the PC was modeled as an ellipsoid in Chapter 2 [115], the overall
shape of the PC was modeled as a sphere in Chapters 3-5 and 7 [24,33] to reduce the
dimensionality of the problem. Studies by Loewenstein and Skalak [23] and Biswas et al.
[124] modeled the PC outer core as a series of cylinders, which represents one limit of the
PC’s shape, while the spherical model described in this dissertation represents the other.
The PC’s shape is ellipsoidal, which falls somewhere between these two limits. While the
PC is not spherical, modeling it as a series of spheres greatly reduced computational time
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and complexity. The model presented in Chapters 3-5 can be expanded to account for the
ellipsoidal shape of the PC, but these spherical models provide us with important results
that can be considered as a contrast to the results of the published cylindrical models.
Additionally, while the shape of the PC is more ellipsoidal than spherical, it has been shown
that the ellipsoidal shape alone does not affect the displacement through the PC in static
indentation simulations [109].

The three-dimensional structure of the neurite is also important to consider in
modeling the PC. No previous model of the PC has accounted for the neurite’s geometry,
including the filopodia, which are hypothesized to be the location of mechanogated cation
channels [27,43,46] and are therefore critical to the mechano-to-neural transduction of the
receptor. Due to our ability to model the entire geometry of the neurite, I was able to place
three filopodia at the terminal region of the neurite and two filopodia jutting into the cleft
at the central region of the neurite [18,45] and observe the resulting high strains at the
filopodial bases in the simulations. Incorporating the detailed morphology of the neurite in
the model allowed me to observe the mechanical influence of the filopodia and its effect
on the neurite strain, which governs the behavior of the mechanogated channels. The model
presented in Chapters 3-5 also allowed for quantification of strain amplification from the
PC surface to the location of mechanogated channels on the neurite and the three-
dimensional distribution of this strain. This model is the first to account for the structure
of the neurite or the mechanical influence of filopodia, both of which are critical to the
PC’s mechano-to-neural transduction process.

The research presented in Chapter 6 is the first published study to probe the
mechanics of isolated human PCs, and the first published measurement of an apparent
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Young’s modulus for the receptor. Prior to this project, there was no published study of PC
mechanics that included an actual force or stress measurement. Bell et. al [18] stated that
the Young’s modulus of the PC was measured at 1 kPa and cited a conference abstract as
the source of this measurement [125]. That abstract, however, did not include a value or
any experimental data. A range of values from 1 kPa to 100 MPa has been used to
approximate the PC’s stiffness in published theoretical models [23,30,109,124]. It was
therefore necessary to perform a mechanical characterization study on isolated PCs to
address this gap in the literature. Through micropipette aspiration, I measured an apparent
Young’s modulus for isolated human cadaveric PCs, which was on the single kPa scale
and on the same order of magnitude as the value attributed to Pietras and Bolanowski [125]
and the estimates used in recent models [30,109,124]. Obtaining an approximation for the
stiffness of the PC is a step towards understanding the mechanics of the receptor and
producing more accurate simulations of PC dynamics, as well as addressing an unanswered
question in the PC literature.

The apparent modulus measured in Chapter 6 represents an important aspect of the
PC’s mechanical response, but the analysis required that the PC be considered a solid
ellipsoid. The PC’s core is not completely solid and is composed of a series of lamellae
separated by fluid, so more complex models require a value for the modulus of each
individual lamellar layer in order to simulate the fluid-lamellae interaction. The study
performed in Chapter 4 was the first to analyze the effect of varying the Young’s modulus
of the lamellae, in addition to other properties such as lamellar thickness, number of
lamellae, and outer PC radius. In this study, I derived dimensionless equations relating
these properties to the peak frequency and bandwidth of my simulated PC. Simulations
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showed that increasing the lamellar modulus increased the peak frequency and bandwidth.
The results of this study are especially important when considering diseases such as
diabetes that can affect vibrotactile sensation. Structural changes in PCs with diabetes
[93,94], as well as vascular [97-100] and tissue [ 101-103] stiffening that occurs as a result
of advanced glycation, may cause changes in the lamellar modulus that would affect the
PC’s frequency response. The sensitivity of the PC’s frequency response to lamellar
modulus highlights the importance of obtaining correct approximations for the mechanical
and structural properties of the PC capsule.

The results presented in Chapter 7 show that the PC’s frequency response is also
sensitive to the structural parameters of the PC. In this study, I used equations developed
in Chapter 4 to compare the simulated frequency response of PCs and HCs in various
species. While the masses of the various species tested spanned a range of five orders of
magnitude, the outer radii of the corpuscles as measured in histological images spanned
two orders of magnitude. The simulated peak frequencies also spanned two orders of
magnitude. Therefore, while PC frequency sensitivity cannot be predicted from animal size
alone, it is extremely sensitive to the structural properties of the corpuscle.

While models and studies on isolated PCs can provide great insight into the
behavior of the receptor, there is a significant gap in the literature on the PC’s in vivo
response to tactile stimuli. The PC resides deep within the dermis and subcutaneous tissues
[17,34,54-56], as well as in other anatomical regions. Isolated PC models cannot account
for the mechanical effect of the surrounding skin or tissue on the PC’s mechanical or neural
response. In the only previously-published study of an embedded PC, Biswas et al. [30]
used transfer functions to relate compression of the outermost layer of a PC to compression
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of skin. In Chapter 5, I embedded my 3D mechanical-to-neural PC model in a finite-
element model of human skin to model the mechanical effects of skin on PC’s response to
vibration.

8.3.3 The multi-receptor level (~mm)

There has been a great deal of advanced modeling approaches taken to simulate
single mechanoreceptors, which have the benefit of informing us of the detailed mechanical
and neural mechanisms that govern the specific receptor’s behavior. However, receptors
are not isolated in vivo and co-exist with three other types of cutaneous mechanoreceptors
in the skin. Mechanical stimuli may reach and excite more than one receptor in the skin. In
addition, while each of the four main types of mechanoreceptors is tuned to respond to a
specific type of mechanical stimulus from light touch to pressure to vibrations, a single
stimulus may excite more than one type of mechanoreceptor. In fact, most physical actions
excite more than one type of mechanoreceptor, so the somatosensory cortex often receives
input from a population containing multiple afferent subtypes [82]. Johansson and Vallbo
[22] classified the proportions of the four main mechanoreceptive subtypes in the human
hand and identified that PCs made up 15% of the sampled population. The PC is therefore
surrounded by Meissner corpuscles, Merkle cells, and Ruffini corpuscles, which may
respond to components of the same mechanical stimuli that excite the PC. Therefore, it is
often necessary to model PCs and other mechanoreceptors on the multi-receptor level in
order to better understand the in vivo response of the somatosensory system.

In 1982, Freeman and Johnson developed a simple receptor model [104,105]
consisting of an electrical circuit to match neural data collected from slowly adapting (SA),

rapidly adapting (RA), and Pacinian afferents in the macaque monkey hand in response to
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skin vibration. Their basic model contained 4 degrees of freedom, which were fit to the
neural data from the three different mechanoreceptors (SA, RA, PC). Their analysis and
model fitting focused on the temporal structure of the afferent discharge, including overall
firing patterns and impulse phase [104], and the stimulus-response functions that relate
neural discharge to vibratory amplitude at different frequencies [105]. Instead of
implementing individual, complex models for each mechanoreceptor, Freeman and
Johnson modeled different receptors by adjusting a few parameters within a single model.
The Freeman-Johnson model was later extended by Slavik and Bell [106], who introduced
hyperexcitability and an absolute refractory period following each action potential to
improve the model’s fidelity to neural data. These studies on the multi-receptor level
enabled the authors to model how multiple, rather than one, mechanoreceptor would
respond to various stimuli.

Recent work by the Bensmaia group has also focused on modeling the response of
a population of mechanoreceptive afferents to a range of mechanical stimuli. Muniak et al.
[4] first performed neurophysiological experiments to characterize the spiking responses
of a population of afferents (SA type 1, RA, and PC) of macaque monkeys to various
mechanical stimuli. In their study, they set out to determine the underlying neural codes
representing the population response and the corresponding weights of each afferent type
in the hypothesized neural codes. Kim et al. [217] then fit an integrate-and-fire model to
this data to predict the spike timing of each of the three afferent subtypes in response to
vibration. The resulting model captured the behavior of the neurophysiological data and

showed how each receptor subtype responds to different components of a single stimulus.
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Dong et al. [218] later improved upon this model by reducing complexity and introducing
a saturating component.

These functional models can simulate the responses of an afferent population to
arbitrary mechanical stimuli, but do not explain the underlying behavior of each individual
receptor. Mechanistic individual receptor models, such as those introduced in Chapters 2
and 3, focus on the physical mechanisms that govern the receptor’s behavior. The detailed
single receptor models that have been developed for different receptors, from the PC
models discussed in this thesis to the Meissner corpuscle model developed by Bensmaia
[107] to the SA-1 models of Gerling [110,219], inform us of the detailed mechanical and
neural components that govern the response of each receptor to its preferred mechanical
stimuli. These models, however, are too computationally-intensive to be combined into a
multi-receptor model and cannot provide the population response to a stimulus. There are
therefore tradeoffs between the complexity of a single receptor model and the robustness

of a multi-receptor approach.

8.3.4 The whole hand level (~cm)

The largest level on which the PC can be studied is the whole-hand level, which
models the activity of a population of afferents embedded within the hand. The whole-hand
level accounts for the mechanics of the hand so that the embedded mechanoreceptors are
deformed based on the transmission of the stimulus through the skin. The whole-hand level
enables researches to analyze the population response to more natural and complex touch
stimuli, such as texture scanning, edge detection, and the direction of motion.

A recent model by Saal et al. [174] analyzed the response of a population of

mechanoreceptors embedded within the hand at their relative densities within human skin.

176



The palm or fingertips of their modeled hand were stimulated, and the mechanoreceptors
were then deformed based on the estimated resulting stress at each receptor’s location. The
authors were able to compare the results of their model to population responses in the
literature. A major benefit to the whole-hand level of mechanoreceptor modeling is the
ability to compare simulated data to neurophysiological data resulting from skin
stimulation and test more physiologically-relevant tactile stimuli. Whole-hand models of
mechanoreceptors can enable researchers to simulate the neural response to natural actions,
such as tool manipulation and grasping, which can have direct implications in the fields of
haptics and prosthetics.

Shao et al. [148] mapped the spatial distribution of vibrations as they propagate
across the surface of skin in the hand, which is a process that lasts on the millisecond time
scale. Their results suggest that vibrotactile waves that propagate across the entire hand,
and not just at the point of stimulation, can provide information about the stimulus.
Therefore, PCs and mechanoreceptors within the entire hand, and not just directly under
the indenter, can be excited by a mechanical stimulus or contact with an object and must
be accounted for to truly capture the population response.

The mechanics of skin, bone, and the soft tissues of the hand can affect wave
propagation both across the hand (perpendicular to a stimulus) and through the skin
(parallel to the stimulus) and must be incorporated into a whole-hand model to capture the
response to a skin-surface stimulus. The model presented in Chapter 5 introduces this idea
and, while it only models two PCs within the skin, expands the mechano-to-neural PC

model of Chapter 3 to a more physiologically-relevant domain.
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8.4  Future directions
Computational and experimental future directions for this research are discussed in

the following sections.

8.4.1 Computational

The three-stage multiphysics model [24] introduced in Chapter 3 approximated the
outer core geometry as a series of concentric spheres, rather than cylinders [23,32]. As
mentioned previously, however, the lamellae form layers that are more ellipsoidal than
spherical, giving the PC its characteristic ellipsoidal shape. A previous study by Giiglii et
al. [109] hypothesized that the PC’s ellipsoidal shape alone was not responsible for the
transmission of displacements through the receptor in static indentation tests, which
suggested that modeling our PC as spherical rather than ellipsoidal may not have had a
large effect on the overall results of the study presented in Chapter 3. For future studies,
however, it is necessary to model the outer core as presented in Chapter 3 with the
equations for ellipsoidal, rather than spherical, shells. This can be completed by altering
Equations 3.1-3.31 [24] in a MATLAB finite-element model or by constructing a
comparable model in COMSOL Multiphysics.

An ellipsoidal model of the PC’s lamellae will allow for the study of directional
sensitivity within the PC. Previous experiments by Ilyinsky [177] and Nishi and Sato [132]
on isolated PCs demonstrated that, after 90° rotation along the PC’s long axis, the tested
PC’s depolarizing receptor potential during compression was shifted to a hyperpolarizing
response and vice versa. This functional asymmetry was later simulated in the transfer
function PC model by Grandori and Pedotti [ 108], which showed similar trends in receptor

potentials after 90° rotation of the PC, with the PC stimulated perpendicular to its long or
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short axis. While this rotation is within the scope of the spherical model, the model cannot
account for differences in the length of these axes. These previous studies [108,132,177]
hypothesized that this directional sensitivity is due to the ellipsoidal shape of the PC or the
ellipsoidal cross section of the neurite, as stimulation along different axes of the PC
produces different deformations of the inner neurite, which results in changes in membrane
potential. An ellipsoidal model of the PC will allow for further investigation of the PC’s
directional sensitivity by providing both a mechanical and neural analysis of this
phenomenon.

An ellipsoidal PC model will also allow for a study of the effect of size and outer
dimensions on the PCs response. PC size can vary with age [89] and disease [74] or
between anatomical locations within an individual [16]. Specifically, short and long axis
diameters can vary between locations, as shown in different regions of the fingers and palm
of monkey hands [34]. An ellipsoidal PC model will allow for investigation of the different
mechanical and neural responses of PCs with varying length aspect ratios, which is not

possible with the current spherical model.

8.4.2 [Experimental

There is a need for further microstructural characterization of PCs within the human
hand. Stark et al. [17] published a study on the distribution of PCs within ten cadaver hands.
While this study presented mean numbers of PCs within various areas of the finger and
palm, the authors did not present detailed reports on the length dimensions of these PCs.
There is therefore a need to characterize both the distribution and the dimensions of PCs in
the human hand. This size distribution can also be characterized at different ages and

disease states to investigate the effect of age and disease on the size and distribution of PCs
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in the hand. There is also a need for microstructural characterization on PC clusters within
the hand. The relative sizes of PCs within a cluster, as well as their proximity and
orientation with respect to the other receptors in the cluster, would provide key information
on PC clustering. A microstructural study on PC clustering will greatly inform models of
clusters and allow for the study of directional tuning within a PC cluster.

The micropipette aspiration experiments performed in Chapter 6 probed the
mechanics of the PC under steady-state conditions. The PC responds to frequencies in the
20-1000 Hz range [20,190], and therefore behaves on a millisecond time scale. It is
necessary to perform mechanical experiments on the PC’s response to dynamic stimuli to
further characterize the receptor’s properties and understand how it responds to vibrations
in vivo. The PC contains alternating layers of fluid and solid lamellae, which makes it
viscoelastic. Dynamic experiments must therefore be completed to probe this
viscoelasticity and understand the role of the fluid component in the PC’s dynamic

behavior.

8.5 Conclusion

The research presented in this thesis is a significant contribution to the PC and
mechanoreceptor literature. This work involved mechanical and neural models of the PC
under steady-state and vibratory stimuli and provided the first reported Young’s modulus
for the receptor. The research drew from fundamental mechanics, basic neuroscience and
neurobiology, computer modeling, and mechanotransduction and applied principles from
these areas to study the PC, resulting in a truly multiphysics and multidisciplinary analysis

of the receptor. While there remains much to be done in the study of vibration sensation
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and mechanoreceptors, this research provides a far-reaching and innovative exploration

into the fundamental science of the PC.
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