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ABSTRACT

THE ANATOMICAL DISTRIBUTION OF MECHANORECEPTORS ACROSS THE
HIND PAW OF INTEGRIN A1l -NULL AND WILDTYPE MICE USING SERIAL
HISTOLOGICAL SECTIONING

Valerie Wai Advisor(s).
University of Guelph, 2019 Dr. Andrea Clark

Electrophysiological studies have mapped afferent responses to mechanical stimuli of the
mouse hind paw skin, however the anatomical distribution of mechanoreceptors is unknown. The
purpose of this thesis was to develop a protocol for serial histologtadsing of the intact mouse
hind paw to quantify mechanoreceptorsindH paw dissection, tissue preparation, chemical
processing, sectioning and staining were successfully optimized. These methodewapptied
to determine the anatomical distribution of mechanoreceptors across the hind paat-odll
and wild type miceMei ssner 6s corpuscles were | ocated ex
tip of the digit skin while Merkel cells were foundrobughout the hind paw. Ruffini endings and
Pacinian corpuscles were absent. The number of Merkel cettgaitinull mice was four times
less than controls, antfjal-null mice were less sensitive to static skin indentation suggesting an

importantrolefo i nt egrin U1lb1 in mechanosensation of
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Chapter 1: A Review of the Literature

1.1 Anatomy of the Skin

The skin is the largest organ of the human body and forms a protective barrier against the
external environmenfLumpkin et al., 2010; Yousef et al., 2019; Zimmerman et al., 2014)
Additional functions of the skin include maintaining homeostasis, performing endocrine
functions, exocrine secretions, and conveying sensory informtausef et al., 2019)I'wo skin
types ae present in mammals, glabrous and hairy skin. Glabrous skin is present on the palms of
the hands and the soles of the feet, and undergoes the most contact with objects in the environment.
Consequently, many nerve endings and receptors are presentauglskin to allow for feedback
regarding high acuity discriminative and exploratory touch, Emdmotor foot placement
(Zimmerman et al., 2014Hairy skin is present everywhere else and contains hair follicles, with
the exception of the lips and urogenital orifiBawlina and Ross, 2018} plays numesus roles
including thermoregulation, affectionate and emotional touch, and exocrine sefhetierley et

al., 2014)

1.1.1 Epidermis

The skin is comprised of three layers, the epidermis, deand hypodermiérousef etal.,
2019) The epidermis is the outermost layer formed by keratinized stratified squamous epithelium.
Five main layers are recognized within the epidermis of glabrous skin. The outermost layer is the
stratum corneum, followed by the stratum lucidume, stratum granulosum, the stratum spinosum
and finally the stratum basglRawlina and Ross, 2016; Yousef et al., 20T®ese layers are also

present in hairy skin with the exception of the stratum lucidum; which gives the glabrous skin its



notably thiclened epidermigPawlina and Ross, 201@&{eratinocytes are the predominant (85%)

cell type of the epidermis, and are generated from progenitor stem cells in the stratum basale
(Pawlina and Ross, 2016Jeratinocytes continue to migrate up the epidermal layers until they are
fully differentiated, keratinized and eventually shed from the stratum corneum. Keratinization is a
key process of keratinocyte apoptosis or terminal differentiation, involvengransformation of
granular cells from the stratum granulosum ik&ratinized,or cornified cells in the stratum
corneum. Cornified cells are flattened, have a thickened plasma membrane and lack nuclei and
cytoplasmic contentéPawlina and Ross, 2016)Jhe stratum corneum plays an essential role in

the epidermal watebarrier. The absorption and withdrawal of water is restricted by the lipids
deposited onto the inner and outer surfaces of the thick plasma membrane of cornifjbthckds

2004; Pawlina and Ross, 2016)

1.1.2 Dermis

The dermis is deep to the epidermis and is comprised of two layers that have no clear
boundaries. The papillary layer is closest to the epidermis and consists of a highly vascular loose
connective tissue. The retilar layer is deep to the papillary layer and consists of dense connective
tissue(Yousef et al., 2019)The structural components of the dermis, such as collagen type | and
lIl and elastin, provide tensile strength and flexibility for stretching of the skin. Hair, hairdsllicl
sebaceous glands, sweat glands, muscles, neurons and blood supply are also found in the dermis
(Yousef et al.,, 2019)Present at the epiderm@d¢rmal junction in humans are fingéwe
projections of the epidermis into the dermis known as epidermal ridges. Adjacent to these
epidermal ridges are dermal protrusions into the epidermis known as dermal f&ailldima and

Ross, 2016)At locations undergoing frequent mechanical force, the epidermis is notably thicker,



the epidermal ridges deeper, dahd dermal papillae longer and more frequ&awlina and Ross,

2016)

1.1.3 Hypodermis

Lying deep to the dermis is the hypodermis. The hypodermis is composed of adipose tissue,
connective tissue and smooth muscles associated aiitfolicles. The hypodermis also includes

neural and blood supplies but to a lesser extent than in the d¥wnisef et al., 2019)

1.1.4 Mouse and Human Skin

In addition to humans, the skin has been studied in a variety of animal models including
rodents, primates, pigs and repti(#gong etal., 2011) The dominant model used in mammalian
skin research is the laboratory mouse due to its economical housing needs, high reproductivity,
comparable biology to humans, and most importantly, the wide range and availability of transgenic
and diseasmodeld O 6 C o n 02016,eShin e dl., 2016; Wong et al., 20Ihere are distinct
anatomical differences between human and mouse skin, specifically related to the overall thickness
of the skin and the relative thicknesses of the epidermis and dermis. In most lacationmgns,
the epidermis and dermis combined are over 10
than 25¢&m. Human epidermis alone is 5 to 10
epidermis comprises only 2 to 3 cell layé@ardiff et al., 2014; Gerber et al., 2014pWg et al.,
2011; Zomer and Trentin, 201&xcept in the footpads and tips of the digits where the epidermal
thickness is comparable to humans. Footpads in mice serve to provide cushioning eaidagl
limbs such as the forepaws and hind pgRsberte et al., 2017fomparable structures are not

present in humans. The subcutaneous tissue and dermis are also thicker in the footpads than other



areas of mouse skin. Eccrine sweat glands are found exclusively in the dermis of the murine
footpads while in humans, they doeind in the dermis of both glabrous and hairy gKknberte

et al., 2017) In humans, dermal papillae are intercepted by epidermal ridges whereas in mice,
these structures are largely abg@kiong et al., 2011¢xcept in the footpads and tips of the distal
digits. Epidermal ridges also form in mice during wound healing as a form of defense mechanism
against injuy (Nayak et al., 2015; Wong et al., 201Lgstly, a contrast in skin compliance has

also been reported with mouse skin being more than twice as compliant compared to human skin
due to differences in their elastic recoil properties (restingio@ of 0.058 N/mmin mouse

compared to 0.132 N/miim human)(Aarabi et al., 2007)

1.2 Mechanoreceptors

The sense of touch is vitad motor control, object manipulation, social experience and
environmental interaction&umpkin et al., 2010)Particularly during gait and balance, the ability
to perceive changes in touch and pressure are largely due to the gatemvethreshold afferent
units present in the glabrous skBtrzalkowski et al., 2018; Zimmerman et al., 2014 afferent
unit is comprised of an afferent sensory neuron and the mechanoreceptor(s) at its terminal end(s)
(lggo, 1984) Mechanoreceptors are end organs of afferent neurons that function to transduce
sersory stimuli into action potentials that are then transmitted to the central nervous system
(Lumpkin et al., 2010)Afferent neurons and their associated mechanoreceptors are classified as
rapidly adapting (RA) or slowly adapting (S8¢pending on whether they respond to the start and
end of a stimulus, or respond continuously throughout a given stimulus, respectively. They are

further classified based on the size of their receptive fields, as either small (1) or large (Il) in area



(Johnson, 2001 B5mall receptive fields tend to have definitive borders while large receptive fields

have obscure bordeflggo, 1984) To date, four types of affents each associated with a type of
mechanoreceptor has been identified in the hur
corpuscles; SAl afferents terminate at Merkel cells; RAIl afferents terminate at Pacinian
corpuscles, and SAIl afferentsrininate at Ruffini ending€lohnson, 2001)in miceforelimbs

and isolated pads from the hind and forepde i ssner 6s cor pubavdbeen and
found in the skin, and Pacinian corpuscles have been observed in deeper tissues adjacent to joints
and bonegAlbuerne et al., 2000; Fleming and Luo, 2013; Navarro et al., 1995; Zelena, 1994)
Ruffini endings hag yet to be identified in mice despite recordings being made of their

neurological responségvellnitz et al., 201Q)

121 Mei ssner 6s Corpuscl es

Mei ssnerds corpuscles of RAI af lwauseskin.s ar e
Of the four mechanoreceptor types, Mei ssner 6s
skin, which may correlate with their high level of sensitivity to skin deformation as compared to
other receptor typeglohnson, 2001) Mei ssner 6s <corpuscles are o
Schwann celterived lamellar stacks and are surrounded by a fibroblast cajps$eieing and
Luo, 2013) Il n most cases, a single afferent Sup |
innervation by ugo seven neural terminals has also been observed, however these were multiple
terminal branches of a single afferéfiegaetal.,2013) I n humans, Mei ssneros
-150em | ondg0 samm di n2 Wegaatrale 20&3whereas in mice they are2@ 2 0 € m
longand103 0e m i n (Zklerna,m@4)eAMs RAI mechanoreceptor s,

respond only at the onset and ending of a stimulus. They respond to stimuli uniformly across their



small receptive fields suchdt when multiple nerve endings are simultaneously stimulated, each
terminal branch will contribute equally to the nerve imp{Beming and Luo, 2013; Johnson,

2001) The result is that they are extremely sensitive to dynamic skin deformatiortingesém
indentations of |l ess than 10 gAemindpand Lug 2003; a't [
Johnson, 2001) Mei ssner 6s corpuscles are known as th
particularly sensitive to low frequency vibration$ 5-100Hz and are the most effective at

recognizing sudden forces that affect grip contfohnson, 2001)

1.2.2 Merkel Cells

Merkel cells of SAI affeents are present in the stratum basale of glabrous and hairy
mammalian skin. In glabrous skin, small clusters ofi@ Merkel cells, known as touch spots, are
located at the base of epidermal ridges. In humans, Merkel cells are most abundant in thpsfinger
foot soles and eccrine sweat glands whereas in mice, they are found abundantly in the epidermal
ridges of foot pad skitMoll et al., 2005) In hairy skin, Merkel cells may or may not be associated
with hair follicles and are present in touch domes that contain up to 150 MerkdHadla et
al., 2010) In mice, Merkel cells are found in the Pinkus Haarscheiben (hair discs) between hair
follicles, in the bulge region of guard hairs, but not within the interfollicular epidermis. In contrast
they ae present in the interfollicular epidermis of humgk$eming and Luo, 2013; Moll et al.,

1996; Zelena, 1994)Merkel cells are 16 1 5em in | ength and are the
mechanoreceptor types. Under electron microscopy, they are distinguishable by their electron
dense neuroendocrine granules (each approximatelyi80nm in diameter(Moll et al., 2005)

As SAl mechanoreceptors, Merkel cells respondtinaously throughout a stimulus such as

during a sustained indentation of the skin. They are particularly important for perceiving fine



details such as points, edges and curvatures due to their high spatial(@eumting and Luo,
2013) This was supported by evidence that genetically modified mice lacking Merkel cells were

unable to detect changiestexture(Maricich et al., 2012)

1.2.3 Pacinian corpuscles

Pacinian corpuscles of RAIl afferents are found in various locations among different
species. In humans, they are most abundant in the glabrous dermis and hypodermis of the fingers,
palms and sole§Zelena, 1994)but are also present in joints, the interosseous membrane of
tendons, and various organs including the bladder, pancreas and géBdllet al., 1994)In
mice, Pacinian corpuscles are most abundantmitie interosseous membrane of the fibula and
ulna(Zelena, 1978)Recently, they have also been found in the forepaws adjacent to the phalanges
and radiugPrsa et al., 2019)rhis oval shaped mechanoreceptor is the largest of the four types,
ranging from 1- 4mm in length (Fleming and Luo, 2013; Pawlina and Ross, 2016)
Morphologically, they are easily distingtisd by their 40 to 80 layers of lamellar Schwann cells
surrounded by an additional 30 layers of perineurial epithelium, resulting in a characteristic onion
like appearance in crosection(Fleming and Luo, 2013Each Pacinian corpuscle is innervated
by a single afferent, although the afferent may innervate more than one Pacinian c{Zelscée
1994) As RAIIl afferents, they respond to simile
however Pacinian corpuscles have larger, more obscure receptivefieldsp ar ed wi t h Me i
corpuscles. Consequently, Pacinian corpuscles are ineffective at pinpointing stimuli. They are
most sensitive to pressure changes and high frequency vibrations of 200 to(BBring and

Luo, 2013; Zelena, 1994)



1.2.4 Ruffini endings

Ruffini endings have been associated with SAIl afferents through histological correlation
(Johansson et al., 1992; Johansson and Westling, 1987; Macefield et al., 1996; Westling and
Johansson, 1987l)ike SAI afferentsSAIll afferents respond throughout the entire application of
a stimulus, however, they can be differentiated by their highly regular firing rate. Additionally,
SAll afferents are less sensitive to skin indentation, compared to SAI afferents, but mibkeesens
to skin stretcl{fFleming and Luo, 2013; Johansson and Vallbo, 19/ affini endings have been
characteded by an elongated fusiform shape with tapered ends and being innervated by a single
afferent that branches as it enters the inner core of the cordt’=sidina and Ross, 2016)
However, the anatomical location and existen€druffini endings is currently under debate.
Although SAIl responses have been recorded elgitysiologically in human glabrous skin,
Ruffini endings are seldom found histologicallohansson and Vallbo, 1979a; Rasmusson and
Turnbull, 1986; Rice and Rasmuss®000) Pare et al. were only able to find one Ruffike
structure in human digit skin, and concluded that Ruffini endings are extremely unlikely to be the
sensory ending to SAIl afferenfRaré et al., 2003)5AIl responses have also been recorded in

mouse hairy skin but no Ruffitike structures have been obserg@éklinitz et al., 201Q)

1.3 Microneurography

Current knowledge of mechanoreceptors began with studies of the human hand using
microneurography. Microneurography was developed to measure the cutaneous afferent firing and

receptive field characteristics of single cutaneous affe(efagbarth et al., 1970; Johansson and



Vallbo, 1979a; Knibestdl and Vallbo, 1970This technique involves the insertion of two
microelectrodes, one reference and one recording, into a peripheral afferent nerve of a conscious
human subjedfHagbarth and Vallbo, 1967; Vallbo et al., 200%)e target nerve for the hand is
typically the median nerve, and for the foot the tibial nélennedy and Inglis, 2002; Knibestol

and Vallbo, 1970; Lowrey et al., 2013; Macefield et al., 1996;afoavski et al., 2015)In the

past, reports of the hand and other skin regions such as the face have since been used to infer
information about cutaneous properties of mechanoreceptors in the fodingtike et al., 2002;
Kennedy and Inglis, 2002; karey et al., 2013; Muise et al., 2012; Strzalkowski et al., 2009
contrasting anatomy and functionality of the hand and the foot, however, may suggest different
characteristics and distribution of mechanoreceptors in these peripheral anatonmcel. regr
example, mechanoreceptors in the fingertips of the human hand are critical for high tactile acuity,
precision and fine movemenf{sumpkin et al., 2010)In contrast, the foot soles are primarily
involved in maintaining ovetgposture and stance during gait and balance. Unlike hands, the foot
soles are most often in contact with something (a sock, footwear or the ground) and thus it might
be reasonable to expect that mechanoreceptor sensitivity and or expression derkityet ire

the foot sole compared to the hand in order to prevent hyperactiyidaonrigan et al., 2012)

In the glabrous skin of the hand, the perceptual thresholds, receptive field distributions,
relative and absolute densities of afferent units, and théeuof mechanoreceptor endings for
each RAI or SAl afferent have been studied with microneurography, while fewer studies have been
conducted in the foot sole which is less underst@bmhansson and Vallbo, 1979a, 1979b;
Macefield and Birznieks, 2009J o date all fourtypesahe c hanor ecept or s, i ncl i
corpuscles (RAI), Merkel cells (SAl), Pacinian corpuscles (RAIl), and Ruffini endings (SAll),

have been identified in the human hand and on the sole of théieatedy and Inglis, 2002)
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Microneurographical studies of the foot sole have measured perceptual thresholds, receptive field
distributions, innervation density of afferent nerves, and relative proportions of cutaneous afferent
types(Kennedy and Inglis, 2002; Strzalkowski et al., 2088ilar to the hand, there is an unequal
distribution of afferents across theofsole with afferent density increasing from proximal (heel)

to distal (toesjJohansson and Vallbo, 1980he highest proportions of afferents are found across

the toes and lateral border of the f¢(®trzalkowski et al., 2018Both RAI and SAI have a greater
number of afferent responses in the toes than in the metatarsals/arch and the heel, and the largest
innervation density of RAl and SAI afferents was recorded in the toes, followed by the lateral arch

and lateral metatarsa(Strzalkowski et al., 2018)

1.3.1 Electrophysiological Studies in Mice

To study the properties of afferent units in mioceyivoandex vivoapproaches have been
developedCain et al., 2001; Walcher et al., 2018hein vivo preparation involves recording of
single sensory responses from a sedated mouse using the tibial nerve innervating the glabrous hind
paw skin. The receptive fields of RA and SA mechanoreceptors in response to Von Frey
mechanical stimuli were identified ithe digits, footpads and plantar surface. Stimulation of
vibrationsensitive afferents associated with Pacinian corpuscles was not perf@aiecet al.,
2001; Perl, 1968)nterestingly, across all three regions, a larger proportion of RA responses (71%)
compared to SA responses (29%) was fo{@ain et al., 2001)This was also consistent within
each region, where a greater number of RA (digit =30, footpads =19, plantar =26) receptive field

locations was observed compared to SA (digit =10, footpads =7, plantafG<id)et al., 2001)
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The ex vivoapproach was developed by Walcher et al. (2018) to record responses from
single sensory fibres in mouse skin nerve preparations. This method allowed for the mapping of
single afferent centers in the glabrous foregRanade et al., 2014)nd hind paw skifWalcher
et al., 2018) The media and ulnar nerves were used to record responses in the forepaw, while the
tibial and saphenous nerves were used to record responses in the hind paw. For RAI responses,
forepaw glabrous skin was found to have a tiod@ higher afferent innervation densithan the
hind paw glabrous skifWalcher et al., 2018)n humans, a higher sensory innervation density is
correlated with greater tactile discrimination as shown in the fingers and t@igwensson and
Vallbo, 1979b, 1979a; Van Boven and Johnson, 1994ing immunofluorescence and confocal
mi croscopy, Mei ssnerds corpuscle density was
forepaw (1.10 0.09 corpuse per 16° nm®) compared to the hind paw (0.8D.03 corpuscle per
10° nmd®) (Walcher et al., 2018)Interestingly, the number of afferent nerves innervating each

Mei ssner 0s <cor pus cl elabwassfore@aty ompaeed tp dhe hindnpawt h e

Specifically, more than 50% of Meissnero6s cor
three axons while 70% of Meissnerds corpuscl e
two axons. Incontras t o Mei ssner 6s corpuscles, SA I and

across the forepaw and hind paw skin were consistent across all r@gfalcher et al., 2018)
Together these data suggest thathigén mechanosensitivity of the forepaw aids the mouse with
enhanced tactile acuity that may be critical for the manipulation and selection of food for dietary

intake, exploring the surrounding environment and/or groorfwajcher et al., 2018)

Microneurographical studies in the human foot sole and electrophysiological techniques

applied to the mouse glabrous hind paw provide important insight into the relative proportions of
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afferent nerves and their innation density. In mice, Walcher et al. (201&)k a first look at the
morphology and structure of receptor endings, however the overall distribution and number of
mechanoreceptors across the entire hind paw skin remains unknown. This could be obtained by

systematic histological approach.

1.4 Histology

Histology is the study of microscopic structures in the l@dyHabian et al., 2014; Bindhu
et al., 2014; Lester, 2010; Pawlina and RdA316) It encompasses a variety of different
techniques that are selected largely based on the type and size of the tissue and microscopic
structures being investigated. In this review, we focus on pamtffinedded tissues. The tissue
sample first undrgoes fixation, a process that preserves the anatomical state of the tissue, prevents
autolysis or degradation, and kills microorganisms. There are two types of fixatives: denaturing or
crosslinking (Howat and Wilson, 2014)Alcohotbased fixatives are examples of denaturing
fixatives and these solutions cause protein denaturation by removing water which causes protein
coagulation and tissue shrinkadgaker, 1958; Howat and Wilson, 201Qrosslinking fixatives
are more commonly used. One of the most frequently employed fixatives is formaldehyde.
Formaldehyde is typically used as a 38#%ution, but is often diluted to 10% neutral buffered
formalin, or can be polymerized to paraformaldehyde, which is diluted to 4% paraformaldehyde
(Al-Habian et al., 2014; Baker, 1958hadequate fixation may occur when there is incomplete
penetration of the fixative or if there is insufficient crtis&ing. Overfixation can also occur
where tissues are degraded due to excessive protein disruption. Both inadequate-taxeationer

can cause irreversible artifacts in tissues, and a loss of antigéAicitdabian et al., 2014)
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1.4.1 Histology involvingDemineralizationof Bone Specimens

For bone specimens or samples containing mineralized tissuesd&ijied cartilage), an
additional step, known as whneralization is required. The hard and dense consistency of
mineralized bone causes tissues to crumble or tear apart during sectioning nwrdezed
Demineralizationinvolvesthe removal of calcium ions from bone specimens to soften the tissue
for microtome sectioningDermience et al.,, 2015; Liu et al.,, 2017lwo main types of
demineralizers also known as decalcifiergre available acids and chelating agents. Acidic
decalcifiers such as G&ixa are often more time efficient but can breakdown proteins in the tissue
samplegGonzalezChavez et al., 2013; Prasad and Donoghue, 20i8pntrast, chelating agents
such as ethylenediaminetetraacetic acid (ERB#e the most time consuming but typically better
preserve the soft tissue as their method ehideralizationis gentler than acidic decalcifiers
(Prasad and Donoghue, 2018jfective denineralizatiorwill soften bone to allow easy sectioning

while Hill preserving tissue morphology, staining quality and antigenicity.

1.4.2 Tissue Processing and Staining

Following fixation and/odemineralizationtissues must be thoroughly washed to remove
residual fixative and decalcifier, then dehydratel@ared, and infiltrated with an embedding
medium that will allow the tissues to be thinly sectionedlf@m). For paraffin embedded tissues,
dehydration is performed using a series of alcohols of increasing concentrations for the purpose of
removing wagr in the tissu¢Pawlina and Ross, 2016Dhis is followed by clearing, which uses
organic solvents such as xylenes, that are miscible with both alcohol and p@taffiina and
Ross, 2016)The tssues are then infiltrated and embedded in paraffin. The paraffin tissue block

can then be secured onto a microtome and sectioned to produce thin tissue slices that are floated
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on a warm water bath and collected on microscope slides.

Staining proceduresust be applied to the microscope slides to either visualize the overall
structures in the skin using dyes such as hematoxylin and eosin (H&E) or to detect specific antigens
in the tissue using immunohistochemistry (IH®awlina ad Ross, 2016)H&E is the most
common stain used to distinguish cytoplasmic, nuclear and extracellular features because of its
compatibility with a wide range of fixatives and histological procefseset al., 2017; Sanjai et
al., 2012a) The quality of H&E or IHC staining is heavily affected by fixatioepdneralization
and tissue processing, thus each step must be carefully considered for the production of high

guality sections.

1.4.3 Histologyof the Human Foot Sole

To study the distribution of afferent innervation in the glabrous foot sole and the
morphological structure of mechanoreceptor endings in humans, representative biopsies must be
taken from the foot sole for histology. This appro&hmited to cadaver tissues due to ethical
and practical challenges in sampling large numbers of biopsies from live human subjects.
Following embalming procedures, distal limbs such as the hands and feet often remain poorly
preserved, due to challengdglte perfused fixative reaching the arterial supply in the distal limbs.
This challenge is magnified with embalming procedures using formaldehyde fixation, whose
crosslinking properties result in rigid tissues, blood clots and long infusion times that&the

movement of fixativDoomernik et al., 2016)

1.4.4 Histology of Mouse Hind Paws

Harvesting mouseihd paws for histology enables one to study the glabrous sole in its
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entirety, nonetheless, histological processingtacthind paws presents its own challenges. For
instance, the skin may act as a barrier preventing thorough reagent penetratioanThrsher

prolong processes such as thengeeralizationof large, dense bones. As a result, studies of the
mouse hind paw typically section isolated footpads or digits, where bones are excluded and/or the
sample volume is smaller. Mechanoreceptor demsitymorphology in these isolated regions are

then used to make inference about density in other re@iasarro et al., 1995; Walcher et al.,

2018; Wong et al., 2006Dueto variation in the number of mechanoreceptor endings per afferent
however, such inference may render an inaccurate depiction of the mechanoreceptors across the
intacthind paw. To fully understand the relationship between the distribution of mecharnorecep

and their neurological responses, the hind paw skin must be visualized in its entirety through serial
histological sectioning. To date, methods on serial sectioning of the mouse hind paw have not
been published. When similar methods were attemptedltact rat hind paws, sectioning was
deemed O0i mpossibled even foll owi nginerafizatioro us mo
(GonzéalezChavez et al., 2013)nterestingly, the forepaws produced the highest quality sections
suggesting that the specific anatomy and morphology of the hind paw prevented adequate tissue
processig (GonzalezChavez et al., 2013With successful serial sectioning and Histaical

staining of the mouse hind paw, mechanoreceptor density and anatomical distribution can be
studied and potential functional insight garnered through transgenic mouse models such as the

integrinU 4null mouseGardner et al., 1996)

15 Integrin U1b1

In addition to its protective properties against pathogens, chemicals and water loss, the skin
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must also withstand mechanical stress. This property is largely attributable to the basal layer of the
epidermis, where collagen type IV is most abund@urdner et al., 1999gmnd cell to cell

adhesions are mediated by integrifldegde and Raghavan, 2013htegrins are a family of
heterodimeric transmembrane receptors consistingolonend one b subunit. E
U subunits and eight b vetebmiegBartzy etlalg 2020whhée n i de
subunits pairing with a variety of U subunits
Ui, U2, (WatandUobes,e998)he two subunits sit adjacent to one another in the cell
membrane and interact wigxtracellular matrix proteins such as collagen, fibronectinoand

laminin, where cell signaling occurs bidirectionaligside thecell, the cytoplasmic tail of thé
subunitbinds to a cytoskeletal prote{ne. talin)to induce activationthat allowsthe integrin to

bind to extracellular matrix proteingith high affinity, a process known asi n-sutd é si gnal i
(Heino, 2014; Qinet al., 2004) Ligand-bound integrins therluster together to form focal
adhesions that anchattse attachment of the extracellular matioxthe cytoskeletoof a cell a

process known a8 o u t-isni 6d es i(Hem@ 20ildn Qin et al., 2004Most general signaling

events are mediatedbythe subunit while | ess is known about
U subunit of integrin U1b1l has been suggested
of t he M[Heinos 20b4)Tinrough tlesemechanisrg, integrinsalter the expression of

collagen and are involved in intracellular signaling events including cell differentiation, apoptosis,
adhesion to the extracellular matrix, and communication between the matrix and cytoskeleton

(Gardner et al., 1996; Pozzi et al., 1998)

Integrin U 11fspecificallyis expressed by keratinocyté#/att and Jones, 1993nd is a
major receptor for collagens type I, I, &/nd VI . I mportantly, the inte

binds to the b1l subunit, and thus i t(Gardmee!l et i o
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etal.,1996) Despite the role of integri nmustledells, as t h
i nt e gnull mice Brd viable and show no abnormalities during development or in adult gross
anatomy compared to their wild type counterpa
null mice show specific detachment from collagen #id abnormal collagen dependent

proliferation(Gardner et al., 1996)

In addition to its role in fibroblast proliferation and attachment to collagen type IV, a role
for integrin U1b1 in coll agen pdedahedlagéngels, has
anttU1 b1 antibodies sup(anghslset a.po19955 gwmi Iseylnit e §il
osteosarcoma cells, downregulation of collagen synthesis is inh{Ri&dnen et al., 1995and
fibroblasts from scleroderma patients demonstrate upregulation of collagen synthesis and
downregul ation of (vargseeaal.jl893)U 1l i eegkiibrobmsigsiie o n
unable to downregulate collagen synthesis. This increase in collagen synthesis is counteracted by
an increase in collagenase activity, and therefore dermal thickness in these mice is unaffected. The
increase in collagenase activity is thought to b

by increased collagen levdlSardner et al., 1999)

Integrins also play a role in epidermal keratiytecdifferentiation. Progenitor cells of the
stratum basale of the epider mi s dWattankd doneg,n t o
1993) These cells are characterized by their tendency to rapidly adhere to collagen type IV and
keratinocyte extracellular matrix proteins. As these presumptive keratinocytes differentiate
expressi on ot dofrkeguiated, ellgwing their oatward migration through the
suprabasal layers to the skin surface where terminally differentiated cells a(é/sttieand Jones,

1993)
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Interestingly, Merkel cells inhabit the stratum basale of the epidermis and Meissner
corpuscles are found in the dermal papillae just deep to the stratum basale. Therefore, both
mechanorecdprs types are in close proximity to integrins. When external mechanical forces are
applied to the skin, collagen fibers transduce these forces to the lamellae of the Meissner corpuscle,
possibly via integrins. The physical deformation of the lamellaecesanerve terminals to bend
and generates an action potential. The corpuscle returns to its original shape when the stimulus is
removed, and produces a second round of action potentials as evident in electrophysiological
studies where RAI afferents activatethe onset and ending of a stimulBgcinin and Schwartz,

2018; Vega et al., 2009Yhe transduction mechanisms of Merkel cells remain unclear. Some
evidence supports the ability of Merkel cells to transduce mechanical stimuli into chemical signals
to initiate an action potential, while others argue that the afferent terminals are responsible for
transducing the mechanical stimulus and that Merkel cells are only modulators of this response
(Fleming and Luo, 2013)it is unknown whether interactions occur between Merkel cells and

integrins during mechanotransduction which warrants further investigatio

1.6 TRPV4 and Piezo2 in Mechanesensation

To better understand the mechanisms of skin mechanotransduction at the cellular level, the
mechanosensitive ion channels transient receptor potential vanilloid 4 (TRPV4) and Piezo2 have
been studied in Meissner 6s c o rsplactyvechterschammeld Mer
permeable to calcium and activated by changes in osmolarity, sheer stress, acidity, heat, pain, and
apoptosi§ Hel | er and OO6Nei | , .Ri§@ebentinlaavidd rangesoktissues,t a |

both sensory and nesensory, including the kidneykings, heart, brains, cartilage, skin, dorsal
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root ganglia, and nerve endingsHe | | er a n d Interéshhgly, While TRPVA i& present

in chondrocyt es-nul fnicewds demnonstratpdeby immuohiskiohi s t-r y, U1l
null chondrocytes are unable to sense and respond to osmotic (3akksski et al., 2014)

Together these results suggest that proper function of TRPV4 is dependent upon the presence of

integrin U1b1.

Il n the skin, TRPV4 is |l ocalized to cutdaneous
Merkel cells in the glabrous skin of mice. Specifically, TRPV4 is expressed by Merkel cells,
Mei ssnerds corpuscl es an(&uzukiretal., P00ZBRPYLIS adsd e d af
localized to afferent terminals deep to the stratum basale. These afferent terminals are termed
O0penicillusd and, similar to the Meissherods c

collagen fibergSuzuki et al., 2003b)

In addition to mechanosensation, TRPV4 plays a role in skin theemsation. TRP¥ is
activatedin vitro at temperatures ranging from-3R°C. In the skin, keratinocytes and free nerve
endings express TRPV4 and, as such, are thought to function as heat(@&rmsddiset al., 2003b)
Interestingly, when the TRPV4 gene was disrupted in mice, a reduced sensitivity to acidic

nociception and pressure sensation in the tail was sf®uauki et al., 2003a)

Studies of Piezo2 have revealed important insight ih® molecular mechanism of
cutaneous mechanotransduction. Piezo2 is a mechanically activated cation channel expressed in
Mer k el cells of both hairy and glabrous skin
glabrous skir{Ranade et al., 2014Vhen Piezo2 was specifically knocked out in mouse skin, but
not in afferent neurons, SAI aeitly associated with Merkel cells showed decreased firing rates

(Woo et al.,2014) Furthermore in a battery of behavioral tests, Piezo2 knockout mice displayed
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a diminished response to touch sensatitemade et al., 20149upporting the electrophysiological
findings. For example, in a test involving static Von Frey hairs, Piezo2 knockout mice were unable
to detect forces below 4.0g but were no different than type controls in response to forces
greater than 4.0Ranade et al., 2014This suggds that Piezo2 is activated at a lower range of

mechanical stimulfRanade et al., 2014)

1.7 Conclusion

Afferent units and their associated mechanoreceptors in the glabrous skin of the foot sole
are critical to proper gait and balance. Electrophysiological studies using microneurography and
skin-nerve preparations in both humans and mice hexealed the distribution of different types
of afferent responses and their receptive fields. All four types of afferent responses (RAI, SAl,
RAII, SAIl) have been recorded from the glabrous foot sole of humans, however, the distribution
and density of eah mechanoreceptor ending has yet t o
corpuscles, Merkel cells and Pacinian corpuscles have been visualized in human skin, the
morphological structure of Ruffini endings remains unclear. Similarly, RAI, SAl and SAIl afferent
responses have been recorded in the mouse hinc
visualized in mouse hind paw skin, Pacinian corpuscles in deep tissues adjacent to bone, while
Ruffini endings have not been identified. Serial histologicati@@ing provides a method to
visualize the distribution and morphology of cutaneous mechanoreceptors. This technique is
challenging to execute using human tissues due to the poor availability and preservation of distal
skin samples. The mouse hind paw isrenreadily available, its preservation more controllable,

and offers the advantages of genetic manipulation for models of mechanoreceptor function and
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disease. Histological processing and serial sectioningtatt mouse hind paws has not been
published to date. The localization of integrins, TRPV4 and Piezo2 in the skin and

mechanoreceptors suggest involvement of these molecules in modulating mechanotransduction.

1.8 Rationale, Purpose & Hypothesis

Despite obvious functional differences between the upper lawer limbs, our
understanding of mechanoreceptors of the foot has largely been derived from studies in the hand.
While electrophysiological studies have determined the types of afferent responses and the
receptive fields in the foot sole, the distrilautiof mechanoreceptor endings remains unknown.
Furthermore, previous contradictory results from electrophysiological and histological analyses,
as in the case for the presence of SAIl nerve electrophysiological responses but histological
absence of Ruffinendings, furthers the need for histological verification of mechanoreceptor
identification and anatomical distribution. Human tissues are difficult to obtain and often poorly
preserved posing challenges for systematic mapping of mechanoreceptors adomsstile skin.

In contrast mouse tissues are more easily gathered however further studies using mouse hind paw
glabrous skin are required to determine their applicability as a mechanoreceptor foot sole model.
Systematic mapping of mechanoreceptors enrtiouse hind paw glabrous skin using histology
would allow for a comparison between electrophysiological responses and their anatomical
distribution. Furthermore, analysis of mechanoreceptor distribution in the hind paws of wild type
and integrin U dnull mice would reveal insight into the role of integrinl b 1 I n

mechanotransduction.
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The purpose of this thesis was to develop a protocol for serial histological sectioning of the
mouse hind paw. These methods were then applied to determine and compare the anatomical

distribution of mechanoreceptors across the hind pavigadt-null and wid type mice.

We hypothesized that:

1) Mei ssner6s corpuscles and Mer kel <cells are
Pacinian corpuscles are present adjacent to bones deep in the foot, while Ruffini endings
are absent

2) Mechanoreceptor density is largest in the anterolateral hind paw;

I ntegrin Ulb1l da nmumber thereoose himdpawe cept or
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Chapter 2: Serial Histological Sectioning for Quantification of the
Anatomical Distribution o f Mei ssner 6s Corpuscl e
Intact Mouse Hind Paw Skin

2.1 Introduction

The skin is the largest organ of the body that forms a barrier with the environment. It
enables the sensation of heat, cold, pain and touch, and protects from chemical, mechanical and
thermal stimulation. Mammalian glabrous skin is specialized for distatme touch and
mobility, enabling controlled movements during gait and bald@Zo®merman et al., 2014)
Mechanoreceptors, neural end organs present at the terminal ends of afferent sensory neurons in
the dermis and epidermis of glabrous skin, are critical to this fun@iommerman et al., 2014)
Mechanoreceptors transduce skin stretch, indentation and pressure changes into action potentials
that are carried bgfferent neurons to the central nervous system for proce@singpkin et al.,

2010) Afferent neurons and their associated mechanoreceptors are classified as rapidly adapting
(RA) or slowly adapting (SA) depending on whether theypaees to acute or chronic stimuli
respectively(Kennedy and Inglis, 2002)They are also classified based on the size of their
receptive field area, either small (I) ordar (Il) (Kennedy and Inglis, 2002RAl afferents
terminate as Meissnerod6s corpuscles in the der
indentations and grip ctmol (Johnson, 2001)RAII afferents terminate as Pacinian corpuscles

deep in the dermis, that detect and transmit vibratory stidahnson, 2001)SAl afferents

terminate as Merkel cells in the stratum basale of the epidermal ridges, and detect sustained skin
indentation and textural changessily, SAIll afferents terminate as Ruffini endings, responding

to stretching of the skifohnson, 2001) To dat e, Mei ssnerdishaveor pus

been found in the mouse hind paw sk#elend, 1994; Zimmerman et al., 2014Pacinian
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corpuscles were found in the interosseous membranes and deep tissues adjacent to bones in the
forepaw(Prsa et al., 2019; Wellnitz et al., 2010; Zelena, 198yvever,only forelimbs, isolated

pads from the hind and fore paws, as well as interosseous membranes were used to determine

| ocations of Meissnerés cor pus(albuerseetaM 00k e | ce
Fleming and Luo, 2013; Navarro et al., 1995; Zelena, 19Rdjfini endings have yet to be

identified in mice despite recordings being made of their neurological respdvisksitz et al.,

2010) Thus,the anatomical distribution ahechanoreceptsiacross the entirety of thend paw

has yet to be confirmed.

Current knowledge about mechanoreceptors and their responses in the foot sole is largely
derived using microneurographgKennedy and Inglis, 2002; Rib@iscar et al., 1989;
Strzalkowski et al., 2018)This is anin vivo technique carried out in humans that involves the
insertion of a microelectr&dinto a peripheral nerve to record neural activity in response to a
stimulus(Strzalkowski et al., 2018imilarin vivo andex vivoapproaches to record responses
from single sensory fibres has also been developed de, mihere mapping of single afferent
centers in the glabrous hind paw skin is posgiBkn et al., 2001; Walcher et al., 201Bgspite
their important insights, these methods do not measure the number and distribution of
mechanoreceptors at the afferent terminus. To verify the presence and to determingtthardkn
location of mechanoreceptors across the foot sole, a histological approach must be used where

direct visualization of these receptors in the glabrous skin is possible.

In humans, serial histological sectioning and staining is limited to cadasseresi.
Following normal embalming procedures however, peripheral skin tissues are poorly preserved on

such specimens. In contrast, mice and their tissues are more readily available, present a similar
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biology to humans and allow for tissue specific genetaai that can probe the underlying
mechanisms of mechanoreceptor funcfiohlay cr aft et al ., 2007; O0O6Co
2016; Zimmermann et al., 2014yrevious histological and microscopy studies of the mouse hind

paw typically section and image isolated footpads or digits. As such, studies often infer about
mechanoreceptor density across the entire hind paw based osbyaied histology in the pads

and digits(Navarro et al., 1995; Walcher et al., 2018; Wong et al., 20@6Hully understand how

the distribution of mechanoreceptors asthe foot sole correlates to its neurological responses,

the hind paw glabrous skin must be fully visualized microscopically through serial sectioning. We

are not aware of any published methods on serial sectioning of the mouse hind paw. Serial
sectonly of the intact rat hind paw however has |
in tissue dissection and méneralization(GonzalezChavez et al., 2013paraffin sections of rat

hind paw were unobtainable despite exted processing time and skin remg@bnzalezChavez

et al., 2013)

The pupose of this study therefore was to develop a protocol for serial histological
sectioning of the mouse hind paw to enable visualization and anatomical mapping of
mechanoreceptors across the plantar surface. To this end mouse hind paw dissection, tissue

preparation, chemical processing, sectioning and staining were optimized.

2.2 Methods
2.2.1 Ethics and mice

All animal procedures were approved by the Animal Care Committee at the University of

Guelph (AUP#3960). Ten experiments were conducted, each utilizing the left and right hind paw
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of three wildtype BALB/c mice. Mice were-@ months old and skeletally ma¢urTo minimize
blood flow during micredissection, mice were anesthetized (isoflurane) and euthanized by cardiac

puncture followed by cervical dislocation.

2.2.2 Dissection and tissue preparation

Hind paw skin

To visualize and map mechanoreceptors througheuskin while removing the need for
bone @&mineralizationour first approach was to isolate the hind paw skin from the mouse. The
hind paw was isolated from the mouse by a transverse cut to the distal tibia/fibula using a razor
blade and pinned down at thkialis anterior muscle with the dorsal foot facing up. The glabrous
skin was isolated under a dissection microscope (Leica M60, Wetzlar, Germany) by making cuts
on the dorsal and plantar skin (Figure 1A, B) with a scalpel and then gently pullingrtitowiki
towards the toes. To keep the skin flat during processing it was placed on one side of a small piece
of cardstock (2.5cm x 3cm) with the subcutaneous fat side facing downwards. The cardstock was

then folded over on top of the skin and its edgedesdapgether.



27

'z

Figure 1: Skin dissection antheplantar hind paw
Cuts (red dashed line) made to the (A) dorsal and
plantar foot for experiments using isolated glabrous t
paw skin, and (C) the dorsal skin for removal
experiments usintheintacthind paw. (D) Digits | to V
and footpads-b on the plantar hind paw.

Intact hind paws

To visualize and map mechanoreceptors in the skin with added context to their locations
relative to the bones of the hind paw, intact hind paws were histologically processed. Beginning
with hair removal, the intact hind paws were coated with the chemicglid | at or Nai r E
minutes and then rinsed thoroughly with water. The intact hind paw was then isolated from the
mouse by a transverse cut at the articulation of the tibia and the intermedium using a razor blade
(Cook, 1965) Nails were removely trimming the nail to the nail bed using surgical scissors. For
samples with dorsal skin removed, three cuts were made along the dorsal skin (Figure 1C). The
dorsal skin was then pulled down towards the toes and removed to improve access of reagents to
the tendons and musculature beneath. In experiment 8 where ethylenediaminetetraacetic acid
(EDTA) was employed, hind paws were bisected either in the sagittal or coronal planes using a

razor blade to improve reagent penetration into the hind paw. Foagiteakbisection, the first
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three digits constituted one half, and the fourth and fifth digits the other half. For the coronal

bisection, the cut was made half way between the anterior border of the digits and the heel.
Footpad biopsy

To visualize mech@oreceptors specifically in the footpads without additional context to

the remainder of the hind paw, footpad biopsies were performed and histologically processed.
Following euthanasia, the mouse was first placed supine and a 1mm diameter skin biopsy punch
tool (VWR, Mississauga, ON) was used to extract each of the six footpads (Figure 1D).

Ki mwi pesE (4 x 5cm) and gauze were soaked wit
biopsy punches from dehydrating and each footpad biopsy was wrapped in @Kénfwvi and t hen
wrapped in gauze and placed into a tissue cas
biopsies hydrated during handling and provided a penetrable cushion within the cassette

throughout tissue processing.

2.2.3 Chemical processing

All tissues vere fixed in 4% paraformaldehyde (PFA) for 18hours days (Table 1).
Following fixation, intact hind paws were méeralizedusing CalEx |, CalEx Il (Fisher
Scientific, Whitby, ON) or EDTA for 4 dayis 14 weeks (Table 1). Fixation andndimeralization
were carried out on a rocking platform at room temperature amthdealizationreagents were
replaced every 2 4 days. To ensure sufficient reagent was present for complete processing, the
volume of all chemicals used was at least 20 times the tissum&olissue daineralizationwas
assessed periodically by a chemical test or, if this was not possible, a mechanical test. The chemical
test consisted of combining 5mL of the && 1l solution from the sample tubes with 10mL of a

1:1 solution of ammoniunoxalate and ammonium hydroxide. A precipitate in the combined
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solution indicated incomplete oheneralization Alternatively, a mechanical test was performed by
repeatedly cutting the hind paw in the coronal plane from anterior to posterior. The hardness of
the bone was assessed in comparison to alaoimeralizd hind paw or a deineralizedpaw as

assessed by the chemical approach.

Following cemineralizationtissues were washed in running tap water for 30 minutes and
soaked in deionized water for an hoBome samples were pdsted in 4% PFA for 16 hours
while others were placed directly into 708thanol(reagent gradelcohol VWR, Mississauga,
ON) in preparation for dehydration. Tissues were dehydrated in a seatdsgob$ before being
cleared in xylene and infiltrated with paraffin. A gengraftpose paraffin (melting point 85/°C,
TissuePrep, Fisher Scientific, Whitby, ON)) or a 1:1 IM/LP Histoplast paraffin mix better suited
for dense tissues (melting point5@°C, Fisher ScientifidVhitby, ON) was used (Table 1). These
final stages of processing were conducted manually or by an automated tissue processor (Pearl,

Leica Biosystems Inc, Concord, ON) run on a 9 ch&@r protocol (Tables 1 and 2).



Table 1. Comparison of tissue preparation and processing modifications for the 10 experiments

3C

in the study.
Hair, nails or dorsal skin were intact () or removed & ). Samples were submerged in 70%
ethanol( A) or 4% paraformal dehyde (*) pri
protocol.
Automated
Experiment Tissue Fixation Demineralization tissue Paraffin
P preparation (4% PFA) processing | Wax
time
& Hair N/A -
Hind paw skin | O Nails 18h N/A !{\_/Ianual
0 Dorsal Skin ISsue
processing
Hair
Nails 4 days ;
Dorsal 24n CalEx | 12
Skin
Hair
Nails | 24h Loy 9hA
6 Dorsal Skin
Hair General
Nails 20h caas ohA Purpose
8 Dorsal Skin
Hair
Nails 24h 2> fays ohA
Intact 6 Dorsal Skin
hind paw Hai
p a!r 24 days + 4 days 36 days .
Nails post CalEx | 9hA
6 Dorsal Skin | demineralization
8 Hair
P 4/9/11/15/22 days ,, ;
0 Nails _ 5 days CatEx |l 9hA
0 Dorsal Skin
& Hair
< 10/12/16 days N
0 Nails . 5 days CalEx Il 9h
0 Dorsal Skin
6 Hair
6 Nails 12/13/14 weeks 1:1 IM/LP
. 5d 9h* ;
6 Dorsal Skin | ~ “%° EDTA Mix
Bisected
6 Hair
Footpad biopsy | 6 Nails 24h N/A 9h*
8 Dorsal Skin

or

t

(0]
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Table 2: Comparison of the 12h versus 9h tispuecessing protocols used.
*For experiments 7, 8 (intact hind paws) and footpad biopsy

12h Automated Tissue Processing Protg 9h Automated Tissue Processing Protg

Reagent Time Reagent Time
70% ethanolor

4% PFA (manual) 1h 4% PEA* 5-6h
70% ethanol 4h 70% ethanol 45min
70% ethanol 1h 90% ethanol 45min
95% ethanol 1h 95% ethanol 45min
95% ethanol 1h 100%ethanol 45min
100%ethanol 1h 100%ethanol 45min
100%ethanol 1h 100%ethanol 45min
100%ethanol 1h Xylene 45min
Xylene 1h Xylene 45min
Xylene 1h Xylene 45min
Paraffin infiltration (62°C) 2h Paraffin infiltration (62°C) | 45min
Paraffin infiltration (62°C) 2h Paraffin infiltration (62°C) | 45min
Paraffin infiltration (62°C) | 45min

2.2.4 Sectioning and staining

Blocks weresectioned (8 ¢ nuying a microtome (Leica RM2235, Wetzlar, Germany),
with the long axis of the foot oriented either parallel or perpendicular to the blade. General purpose
microtome blades (Fisher Scientific, Whitby, ON) or thicker blades specificaligross for

harder tissues (Leica Biosystems Inc, Concord, ON) were used.

Due to the tendency of sections to curl or wrinkle when the tissue block was warm, and to
tear or crumble when the block was dehydrated, two methods were employed to cool and hydrate
the paraffin block during sectioning. First, the paraffin block was placed face down onto a large
block of ice 30 mins 1 hour prior to sectioning. A layer of deionized water was poured onto the
ice block to prevent tissue blocks from adhering to thencketa keep them hydrated. The tissue

blocks were placed back onto the ice block intermittently between sectioning. The second method
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involved wrapping shaved ice in gauze and securing it to the cutting surface of the tissue block
using rubber bands. Thealed ice packet was applied for 30 mirishour prior to sectioning and

intermittently when needed during sectioning.

Serial sections were floated onto glass slides (Superfrost Plus, Fisher Scientific, Whitby,
ON) with four sections on each slide. Sectioning a mouse foot from the most medial to the most
lateral aspect in this way resulted in approximately 100 slidesctSélges were stained by hand
using standard hematoxylin and eosin (H&E) or hematoxylin, fast green and s&aand

coverslips mounted using Cytosgab0 (Thermo Scientific, Burlington, ON).

225 Vi sualization of Meissnerod6s Corpuscl es

Two slides from theenter of each digit were selected. One slide was stained using H&E
and the other using hematoxylin, fast green and saf@rimmdetermine which stain would allow
the best visualization of Meissnero6s edanr puscl
each slide including the distal tip of the digit, the dorsal and plantar surfaces of the phalanges, the
footpads, the plantar metatarsal skin and the
in these different regions of the hind paw orfalir sections of each slide using light microscopy
(100X 1.25 N.A. oil i mmersion | ens, Nikon Ecli
corpuscles in mice skin range betweer310 € m i (delersd, 199 while each section on a
slide was 8e&¢m thick, therefore receptors were
across three consecutive sections to avoid do
observed in the different regions thie foot on the two slides from the centre of each digit were
summed. An average number of Mei ssner 6s <corp

calculated for each region of the foot.
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2.3 Results
2.3.1 Hind Paw Skin

Isolating the glabrous hind paw skiroin the surrounding hard tissues of the hind paw
simplified tissue processing asndi@eralizationsteps were not required. The cardstock method
prevented the isolated hind paw skin from curling during manual tissue processing. During
sectioning however, thgssue often crumbled, curled in on itself and appeared dry. The ice block
method improved sectioning temporarily feb4ections but this was inconsistent between blocks.
Consequently, serial sectioning across the hind paw skin was unattainable.s8€tibas that
were collected, H&E staining revealed the different layers in the skin including the stratum
corneum, epidermis and dermis (Figure 2). Mei:
of the footpads, but not in other areas of the skicth as inferior to the calcaneus or the phalanges
(Figure 2). Although isolating the glabrous skin from the hind paw allowed visualization of
Mei ssnerds corpuscles in the dermal papill ae,
For exampleit was difficult to identify the location of the footpads relative to the rest of the hind

paw, and even more challenging to differentiate between the six footpads.
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Figure 2: Light microscopy images of the glabrous hipaw

skin containing Meissner corpuscles (yellow arrows).

The boxed area in A is magnified in B, and the boxed areas in B
are magnified in C and D. Sagit
hematoxylin and eosin. * stratum corneu, epi der mi s,
dermis.
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2.3.2 Intact Hind Paws

The intact hind paws provided full context to the location of mechanoreceptors. Since intact
hind paws contain a variety of tissue types (skin, muscle, connective tissue, and bone), each with
its unique texture and hardness, extensive mxgatation with tissue preparation, fixation,

demineralization processing and sectioning techniques were required.

Tissue preparation

Removal of hair using a depilator increased adhesion between the paraffin and the tissue
during sectioning, making theections easier to transport from the microtome to the water bath
ready to be picked up on microscope slides. Nail trimming prevented large pieces of nail from
chipping away from the paraffin block during sectioning causing the tissue to tear and sabseque
loss of section integrity. Removing the dorsal skin improved reagent penetration during fixation,
demineralizationand tissue processing, resulting in fewer white dry patches in the tissues during
sectioning and thus improved section quality. Intergstirbisected hind paws in both sagittal and

coronal planes showed a loss of tissue integrity and higher separation between tissue layers.

Fixation and processing

Tissue morphology of the intact hind paw was improved as fixation (4% PFA) time was
increased from 20 to 24 hours (Figure 3). Further extension of fixation time to 5 days had no effect
on H&E staining and produced consistently high quality sections of rotwgically preserved
tissues. A 1zhour automated tissue processing protocol for intact hind paws resulted in dry and
brittle tissues during sectioning with separation of the skin from other anatomical structures

(Figure 3). A shortened-Bour protocol inproved the hydration of tissues and maintained the
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relationship between the skin and deeper components of the hind paw (Figure 3). Infiltrating and
embedding hind paws with 1:1 IM/LP Histoplast paraffin mix decreased the wrinkling of sections
and chippingut of bone from the block and resulted in improved cohesion between the tissue and

the paraffin compared to hind paws prepared with geperglose paraffin.
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20h Fixation 24h Fixation

9h Processing 12h Processing

Figure 3: Light microscopy images aht sal (D,E,F)
footpad (G,H,])) fixed (4% PFA) for 20 or 24 hours, and processed (automated) using
12 hour protocol.

Sagittal sections (7¢m) sNotatheniraploved présérvatit
of tissue morphology anahtegrity throughout the hingaw with longer fixation and shorte
processing times (B,E,H).

Demineralization

By day 4 of denineralizatioowithCatEx E | , bot h mechanical test
confirmed complete deineralization however, sectionuglity was poor. Large, opaque, white
pieces of metatarsal bones (digits two to four) as well as the ankle bones often chipped from the

tissue block, leaving a large hole in the section and compromising the integrity of subsequent
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sections. When daeineralzationwithCatEx E | was extended to 25 and
greatly improved and the bone no longer chipped from the block. With lengthened
demineralizationtimes however, hematoxylin staining decreased significantly demonstrating

nucleic acid damge but eosin staining of proteins was less affected (Figure 4).
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Figure 4: Light microscopy images of intact hind paws (toe (A,B), metatarsal (C,D)
footpad (E,F)) dmineralizedin CatE x E | for 10 (A, C, E)

Sagittal sections (8gm) stained with
hematoxylin staining at the 36 day time point (B,D,F).

DemineralizingwithCatEXx E 11 resul ted in si miElxér Is edt i
day 4, with large fragments of metatarsal bone chipping from the paraffin block making serial

sectioning impossible. Extending G&lx E  Imineralizatiortime to 9 and 11 daysggiificantly
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decreased the frequency and size of metatarsal chips which then did not hinder the integrity of
subsequent sections or affect visualization of the skin. Further extending C& 1
demineralizationtime out to 15 and 22 days resulted in lirditmprovement in bone chipping and
tissue integrity during sectioning, however by 22 days hematoxylin staining was noticeably weaker

with less effect on eosin staining (Figure 5).

Intact hind paws were alstemineralizedn EDTA howeverdemineralizatioriimes were
much longer (12, 13 and 14 weeks) than for-Ea E , making it the | east
agent. Mechanical and chemical testing demonstrated that Eleimneralizatiorwas complete
by week 12 however sectioning revealed poor tissue morpholdte different layers of soft
tissues were visibly pulling apart from one another and the skin was separating from deeper
structures in the foot. Quality of hematoxylin staining was poor, comparable to that seen with Cal

A

ExE 11 at 22 dtaoyensin staiming (Figureesby s e f f e
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Figure 5: Light microscopy images of the metatarsal region of intact hind f

demineralizednCatEx E | I for 9 (A), 11 (C) or
(D) or 14 (F) weeks.

Sagittal sections (8egm) stained with
integrity with EDTA (B,D,F) compared to GAx E | | (A, C, E)

hematoxylin staining at later time points (E,F).
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Sectioning

Cooling the paraffin block on an ice block for 30 minutes decreased wrinkling of sections
however patches of tissue in the center of the block appeared white and dry, and sectioned poorly.
In contrast, cooling and hydrating the block with shaved ice wdhpp@auze decreased the

occurrence of dried and crumbling tissue resulting in significantly improved sectioning.

2.3.3 Footpad Biopsies

Footpad biopsies allowed visualization of mechanoreceptors specifically in the footpads
without additional context to the remainder of the hind paw. Tissue processing was simplified
becauselemineralizatiorsteps were not required. Serial sectioning wasessful for the footpad
bi opsi es. H&E stained strongly and all owed f

dermal papillae of the footpads.

234 Vi sualization of Meissnerd6s Corpuscl es

Serial sections were obtained from intact hind paws fixed in 424 Rr 5 days,
demineralizedor 10 daysinCaEx E |1 and automatically proces:
either H&E or hematoxylin, safrai® and fast green enabled identification of different regions
of the foot including the distal tip of the digihe dorsal and plantar surfaces of the phalanges, the
footpads, the plantar metatarsal skin and the heel (Figure 6). Footpads 1 and 6 were not aligned in
the same sectioning plane as the digits of the hind paw and thus were not visible on the slides
samped from the center of each digit. Mei ssner
the glabrous skin of the footpads (Figure 6), with footpads 3, 4 and 5 having the largest numbers

(Table 3). Mei ssner 6s cor pssfeche lemnsl pawéTalde 3paodd pr e
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other mechanoreceptor types (Merkel cells, Pacinian corpuscles and Ruffini endings) were not

visualized.

Figure 6: Light microscopy images of serial sections of intact hind paws.

The boxedarea in A and B is magnified in C and D, and the boxed area in C and D is magnifiec
and F respectively. Sagittal sections (8¢&gm)
safraninO and fast green (B,D,F). Various regions of the fa@ot be identified (A,B) including the
distal tip of the digit, the dorsal and plantar surfaces of the phalanges, the foot pads, the |
metatarsal skin and the heel. Note the ipediserved tissue morphology and integrity and tt
Mei s s ner 0 snthe dermalyapidae ef the footpads.
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Table3: The number of Meissnero6s corpuscles and t
surface.

Mei ssnerds corpuscles were observed from two
digit. A cartoon of a sagittal footcrosse ct i on i ndi cat esd tihned iscpaetceisf i
location not present on the slides.

e’f\’/’)
G )
-] =2 0
—> < —> —>
C '\f E F
D
Meissner Count
Digit Foot Dorsal | Distal ti Plantar Plantar
9 Pad 1 tp Footpads Heel
phalanges| of digit | phalanges (D) metatarsal )
(A) (B) (© skin (E)
1 - 0 0 0 - 0 0
2 - 0 0 0 - 0 0
2 2
3 3 0 0 0 125 0 0
4 8
4 5 0 0 0 105 0 0
5 5 0 0 0 0 0 0

2.4 Discussion

The purpose of this study was to develop a protocol for serial histological sectioning of the
mouse hind paw that would enable visualization and anatomical mapping of mechanoreceptors
across the plantar surface. To this end we used three different aggsiofmbtpad biopsies, hind
paw skin and intact hind paws. The optimal protocol we recommend is the intact hind paw
approach where mechanoreceptors can be visualized within the full context of the surrounding

tissues. This protocol consists of the remaifaiair, nails, and dorsal skin following isolation of
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the hind paw from the mouse, 5 days of fixation, 10 dageofineralizationin CatExE I, post

fixation for 5 hours, a“our automated tissue processing protocol, infiltration and embedding in

a 11 IM/LP Paraffin mix and sectioned using the gauze and shaved ice method. We then

recommend the footpad biopsy approach, where although full context relative to the hind paw is

not available, the original footpad location can be recorded. The isolatedavinskin approach

would not be recommended due to the lack of context for the location of mechanoreceptors relative

to the bones of the hind paw and the difficultly in distinguishing the footpads from one another.

Both the footpad biopsy and hind paw s&jproaches consisted of a single tissue type
skin T and thus were the simplest to process for high quality serial sectioning and routine
histological staining. Processing the footpads separately meant that we knew which pad the
sections were from, howewvwe were not able to visualize any other locale of the hind paw plantar
surface. The hind paw skin revealed the | ocat.i
and dermis, however because other structures of the hind paw (digit, heel, pakblang
met at ar s al bones) were not visible, Il denti fyi
plantar surface was still problematic. Indeed distinguishing the footpads from one another was
challenging. Unexpectedly, processing the hind paw sianually was not sufficient for proper
penetration of reagents into the skin and a vacuumed processing machine would be recommended

for future experiments.

Using intact hind paws, we were able to provide complete context to the location of
Me i s s n e sctes because theudifferent footpads were identifiable based on the digits that
were visible in the same section. It is important to note that the footpads do not align systematically

with the digits. In other words, sampling relative to the digits wilt necessarily yield
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representative sections of each footpad. For example, we did not see footpads 1 and 6 on the stained
sections taken from the center of each digit due to the plane of embedding” @it vas
embedded flat onto the mold and as altethe plane of sectioning was not parallel to the sagittal
midline of the hind paw. During analysis, it was also a challenge to distinguish the footpads from
one another in the serial sections because only two footpads were visible on a section (if any).
Because the length of the digits and surrounding structures are constantly changing as one moves
through the serial sections, it required careful attention to distinguish between the footpads. In
future studies, embedding the hind paw with the sagittdlimei parallel to the plane of sectioning

will allow for at least three footpads to be seen on one section, and therefore all footpads should

be more easily distinguished from one another in serial sections.

While intact hind paws provided the best contfextthe location of Meissner corpuscles
across the plantar skin, they presented the greatest challenge for optimization of tissue preparation,
chemical processing and staining. The size and density of tissue samples is known to positively
correlate with he rate of tissue processif@onzalezChavez et al., 2013; Howat and Wilson,

2014; Liu et al., 2017)Mouse hind paws measure approximately 15mm x 6mm x 3.5mm, while

the hind paw skin measured approximately 20mm x 5mm x 0.5mm. Thus the volume of the hind
paw is at least ten times larger than its skin alone, and therefore a greater challenge for processing.
Furthermore, skin acts as a defensive barrier against the envirpmmeshiated primarily by the
hydrophobic lipids in the extracellular matrix of the stratum corneum of the epidétias,

2008) This barrier will also prevent the penetratiof the reagents during tissue processing.
Previously in rat intact forepaws and hind paws, complete skin removal redierogueralization

time by 28%(GonzélezChavez et al., 2013)n a similar manner, we chose to remove the dorsal

skin of the mouse hind paw to improve reagent penetration into the tissues deep to the skin from
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a least one surface. While sagittally cut rat hind paws showed improvemelaisineralization
due to reduced sample sig@onzalezChavez et al., 2013pur results showed separated and
disorganized tissue layers likely due to a combination of extensive EghAneralizatiorand

loss of tissue integrity following bisection.

Thefirst step of tissue processing is fixation which prevents tissue degradation in order to
preserve its anatomical and morphological state for histological anétyswgat andWilson,
2014) A rule of thumb for fixation time is 1 hour per 1mm of tissue, and a fixation time of 24h is
recommended for neutral buffered formalin fixed specim@hswat and Wilson, 2014)Iin
comparison, the 5 days of fixation in 4% PFA used for the intact mouse hind paws in our study
may appear excessive though longer fixation significantly imprasestioning quality and
consistency, and both H&E and safra@nfast green and hematoxylin staining were unaffected.
It is important to note however, that antigen retrieval will likely be required for some epitopes
when performing immunohistochemistry dimese tissues due to the protracted fixation time
(Howat and Wilson, 2014Moreover, the 9 hour automated tissue processing protocol yielded the
best results with respett tissue hydration and integrity in contrast to the dry and brittle tissues
observed with a 12 hour protocol. This is likely due to minimizing the time spent dehydrating with

ethano$ and infiltrating with hot paraffin wafd aqi et al., 2018)

It has been shown that the bones of rat hind paws are more dense and therefore take longer
to decalcify compared to the fore pa(@onzalezChavez et al., 2013Jollowing four days of
demineralizatiomwithCatEx E, it was cl ear t hat fdiditetwotamdr sal b
four of the mouse hind paw were ledstmineralizedand therefore most dense. With dense or

large bones such as are found in the knee, it is common for the femur and tibia to be cut mid shaft
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to help penetration of the decalcifying agéhin et al., 2016)This was not possible in patudy
however, as we wanted to preserve the anatomy and morphology of the entire hind paw. In
previous studies, bone specimens were often embedded in plastic formulations, in order to match
the consistency of the mineralized bone to the embedding m¢Bnmer et al., 2017)n a similar
manner, we found that sectioning of the mouse hind paw benefitted from embedding in a harder

1:1 IM/LP Histoplast paraffin mix.

EDTA has reportdg been a standard decalcifier that produced good antigenic preservation
(GonzalezChavez et al., 2013; Liu et al., 2017; Sanjai et al., 2018kwpmparison to decalcifiers
such as formic acid (found in GEIX E ) EDTA is a more gentle bu
Demineralizaton of rat femurs requires 21 days in 10% EDTA versus 8 days586 ditric acid
and 8% hydrochloric acid/formic ac{tiu et al., 2017)and intact rat hind pawgeminealizedin
10% EDTA for 100 days were impossible to section due to substantial crumbling of the tissues
(GonzalezChavez et al., 2013We show thatlemineralizatiorof mouse hind paws took at least
8 times longer with 10% EDTA comparedto @k E. Ot hers have reported
the bestdemineralizatioragent for immunohistthemistry of rat femurs and for H&E staining of
sagittally halved and skinned rat hind paws and fore paws with/without microwave treatment
(GonzélezChavez et al., 2013; Liu et al., 201Fpr our mouse hind paws however, the protracted
demineralizatia time in 10% EDTA caused the tissues to disintegrate and H&E staining to be

compromised comparedto G&lIx E t i ssues.

Mei ssner 6s corpuscles were more easily dis
rather than safrani@, fast green and hematoxyliH&E serial sections of the intact hind paws

enabled visualization and |l ocalization of Me i
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dermal papillae of the glabrous skin. Footpad 3 was found to have the greatest number of
Mei s s ner 0 sndapagphadthedeast. & is important to note however, that only two

slides were sampled at each digit to visualize the mechanoreceptors and a larger sample of slides
mu s t be analyzed to obtain an accurapuselescount ,
across the various locations of the hind paw plantar skin. No other receptor types were identified
with this preparation. Our observations are
corpuscles in the glabrous skin of the mo(iseming and Luo, 2013; Walcher et al., 2018)

Pacinian corpscles have not been found in rodent skin however they are abundant in the
interosseous membrane of the ulna and filjilaming and Luo, 20135All afferent responses

have been recorded electrophysiologically in mouse hairy skin, however the Ruffini endings
associated with these afferents have not been f@tleching and Luo, 2013Merkel cells have

also been located in the glabrous and hairy skin of the n{bleseing and Luo, 2013; Walcher et

al., 2018) Merkel cells are known to be localizedttee basal layer of the epidermis and due to

their similarity in size to keratinocytes in the epidermis, immunohistochemistry is required to

distinguish thenf{Fleming and Luo, 2013)

In conclusion, mouse hind paw dissection, tissue preparation, chemical processing,
sectioning and staining were optimized. This enabled serial histological sectioning of the mouse
hind paw to enable visualization and localization of mechanoreceptors #wqdantar surface.

We used three different approachie®otpad biopsies, hind paw skin and intact hindpaws. The
optimal protocol we recommend is the intact hind paw approach where mechanoreceptors can be
visualized with full context of the surrounditigsues. This is followed by footpad biopsies, where
although a full context is not available, the original footpad location is known. Lastly, we would

not recommend isolating the hind paw skin to the lack of context it provides to the location of
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mechanoeceptors and the difficulty in distinguishing the footpads from one another. This was a

first step to enable a thorough histological analysis of mechanoreceptors in the mouse hind paw
skin, and their specific location and distribution. Our preliminary dgaonsistent with previous
studies with Meissnerds corpuscles identified
corpuscles and Ruffini endings were absent. Merkel cells will require immunohistochemistry to
distinguish them from surroundirgeratinocytes. Future studies of mechanoreceptor distribution

will benefit from modifications to hind paw orientation during embedding and more thorough slide

sampling.
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Chapter 3: The Anatomical Distribution of Mechanoreceptorsacross
the Mouse Hind Paw; Integrin alblincreases Merkel CelNumber but
doesnotaf f ect Mei ssner 6s Corpuscl

3.1 Introduction

The skin is a critical organ for interaction between the body and the emaninAside
from its imperative protective and homeostatic functions, skin serves to convey sensory
information about the environment to the brdirumpkin et al., 2010; Yousef et al., 2019;
Zimmerman et al., 2014Hairy skin, containing hair follicles, is the most common skin type that
primarily perceives affectionate and emotional toZmmerman et al., 2014)in contrast,
glabrous (hairless) skin is restricted teetpalms of the hands and the soles of the feet. It is
important for providing feedback of discriminative, exploratory and locomotive touch, largely due
to the mechanoreceptors expressed t(ém@merman et al., 2014Mechanoreceptors are end
organs of afferent sensory neurons that detect mechanical forces. The combination of a
mechanoeceptor and its associated neuron(s) is known as an affere(itumitkin et al., 2010)
Afferent units in the glabrous skin of the foot sole are critical for the sensation of balance and
proprioception during stance and ggBtrzalkowski et al., 2018, 2015Four classes of afferent
units have been identified, each classified based on whether they respond at the start and end of a
stimulus (rapidly adaptm(RA)) or continuously throughout the stimulus (slowly adapting (SA)),
and by the extent of their receptive fields being either small with definitive borders (I) or large
with obscure borders (I(Johnson, 2001 )our classes of afferent units have been described on

the human foot sold&® A | afferents which terminate at Mei s
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terminate at Merkel cells, RAIl afferem which terminate at Pacinian corpuscles, and SAll

afferents which terminate at Ruffini ending®hnson, 2001)

Current knowledge of the afferenhits present across the human foot sole are largely
derived from microneurography, tachnique involving the insertion of microelectrodes into a
peripheral afferent nerve of a conscious human sufifegbarth and Vallbo, 1967; Vallbo et al.,
2004) Microneurography studies of the foot sole have measured perceptual thresholds, receptive
field distributions, innervation density offarent nerves, and relative proportions of cutaneous
afferent typegKennedy and Inglis, 2002; Strzalkowski et al., 20Hpher afferent proportions
have been measured in the anterolateral foot sole and are postulatedde mechanosensitive
feedback to keep the body balanced and from falling sideways or foasfrdt contact moves
from the heel to the lateral ardien the digits during gaiStrzalkowski et al., 20185 pecifically,
both RAI and SAI have more afferents in the toes than in the metatarsals/arch and the heel, and
the largest innervation density of RAI and SAI afferemés recorded in the toes, followed by the

lateral arch and lateral metatars@srzalkowski et al., 2018)

Current knowledge of afferent units in mice are derived from speciahzeio and ex
vivo preparationgCain et al., 2001; Walcher et al.,, 2018he in vivo preparatn involves
recording the single sensory responses of a sedated mouse from the tibial nerve innervating the
glabrous hind paw skin. The receptive fields of RA and SA mechanoreceptors in response to Von
Frey mechanical stimuli were identified in the digftsptpads and plantar surface, with a larger
proportion of RA responses (71%) compared to SA responses (29%) in all three (Egionst
al., 2001) Theex vivoapproach was developed to record responses from single afferent fibers in

mouse skin nerve preparatiofWalcher et al., 2018)Jsing this approach, it was determined that
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forepaw glabrous skin had a thvisdd higher afferent innervation density than the hind paw

gl abrous skin. Meissnero6s corpuscle density w;
forepaw comparedot the hind paw, while the number of afferent nerves innervating each

Mei ssnerds corpuscle was 25% | arger in the g
contrast, SA receptor proportions and properties across the forepaw and hind paw skin were
consisent across all region@Valcher et al., 2018Microneurographyand electrophysiological
studiesrevealthe proportionsof different types of afferent responseshe distribution of their

receptive fieldsand theafferent innervatiordensityin the foot soleor hind paw based on this
data,inferences are then made about mechanoreceptor distribution in tti§tskatkowski et al.,

2018) However recordingsof asingle afferentmay not correspond tmechanotransduction from

a single mechanoreceptor endidgie to neural summation(Parker and Newsome]998;
Strzalkowski et al., 2015; Vega et al., 201Reural summationor the pooling model,is the
convergencef signals from severdiranches oéfferent neuronto onemain branch that is then
communicated to the central nervous sys{arker and Newsome, 199&achof the smaller

branches presumably contains a mechanoreceptt its terminal end, while some
mechanoreceptors may be innervated by rtitae one afferent and thus, #eact distribution of
mechanoreceptor endings the foot sole skimemains unknowifVega et al., 2013; Walcher et

al., 2018) Hence, lhis mismatch between afferembd mechanoreceptor distributiasalls fora

direct visualization of the skin using hikigical methodsto elucidate mechanoreceptor

distribution

To study mechanoreceptor distribution across the entire foot sole using histology, many
tissue samples are required. This condition excludes the use of human tissues due to the ethical

concerns of obtaining large numbers of human skin biopsies as wk# asdr preservation of
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embalmed cadaveric tissues at the distal limbs. In contrast, intact mouse hind paws can be
harvested and with the availability of genetically modified mice, allows for the study of
mechanoreceptor morphology and function under gietion or disease conditions. To date,

Ruffini endings have not been observed in mice despite recordings being made of their
neurological respons€®ellnitzetal.,201Q) I n contrast, Mei ssdiser 6s c
have been found in mouse skin, and Pacinian corpuscles have been observed in deeper tissues
adjacent to joints and bones, however these studies have largely focused on the murine forelimb
and/or isolated pads from the hind and fore pgWisuerne et al., 2000; Fleming and Luo, 2013;

Navarro et al., 1995; Zelend, 199A4)systematistudy of mechanoreceptors and their anatomical

distribution across the hind paw has not been conducted.

Despite differences in gait and anatomy between mice and humans, the function of the
mechanoreceptors themselves is conserved across mammalian @ggoiesd Andres, 1982)
In this regard, genetically modified mice are an opportunity to deepen our understanding of the
mechanisms of mechanoreceptor function. Integrins, heterodimeric transmembrane receptors that
arecritical for cellextracellular matrix interaction®arczyk et al., 2010; Gardner, 2014je one
possible candidate for mediating mechanoreceptor function. Vertebrates exptessdl® d e i g h't
subunits, combining as heteimers to form a family oR4 integrin subtypegBarczyk et al.,
2010) Keratinocytes expresd 1 b1, U2b1, U3b1, U5Hh1, US8H1, U6
thesejntegrinU 1 fist major receptor for collagens types |, I, IV, and(Watt and Jones, 1993)
Importantly, thei nt egubrmnU1l &inds excl us ithusedklgtiontofcthet he b
Ul subunit i n mice resul {Gardnerretlat1B9€) Ingportardlyy c e o f
deletion of the U1l subunit does not influence

protein level nor alterthe affinity of integrin U 2 b 1typésd and IVcollagenin embryonic
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fibroblasts and smooth muscle cél&ardner et al., 1996; Pozzi et al., 1998)erestinglyjntegrin
U dnull (itgal-null) mice lack a negative feedback regulation of collagen synthesis, resulting in
dermal overexpression of collagen tyg&hrdner et al., 1999The morphology and thicknesf
the itgal-null dermis appears normal however, likely due to compensation from an increase in

collagenase synthesis (Gardner et al. 1999).

The b1l integrins are highly expressed in tl
is down regulatedsathe cells mature and migrate towards the suprabasal (@yatsand Jones,
1993) Importantly, Merkel ells in the stratum basale, and Meissner corpuscles found in the
dermal papillae just deep to the stratum basale, colocalize with integrins. While the role of integrins
in Merkel cell function is still unknown, their interaction with Meissner corpusclesbean
investigated. When external mechanical forces are applied to the skin, collagen fibers transduce
forces to the lamellae of the Meissner corpuscle, likely via inte{f¥adt and Jones, 1993Jhis
physical deformation of the lamellae causes the nerve terminal to generate an action potential

(Piccinin and Schwartz, 2018; Vega et al., 2009)

As well as their role in mediatingell-extracellular matrix interactions and potentially the
mechanosensation of Merkel cells and Meissner corpuscles, integrins are known to modulate the
activation of various ion channels and growth factor receptorexXaonple, thenechanosensitive
ion channel transient receptor potential vanilloid 4 (TRPV4) is expressed by chondrocytes of wild
type andtgal-null mice, however TRPV4 iiigal-null chondrocytes is not function@ablonski
et al., 2014) TRPV4 is a norselective cation channel that is activated by phygsichl
temperatures (320°C), osmolarity, sheer stress, acidity, pain, and apoftodi®e | | er and O6

2007; Jablonski et al., 2014; Tominaga, 2006)addition to chondrocytes, it is also found in the
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glabrous skin of mouse paws, and is highly expressed Me r k e | cell s, Mei ssn
their associated afferent ner@uzuki et al., 2003b)Although a specific role foTRPV4 in the
function of these mechanoreceptors is unknown, it has been shown that disruped iof mice

leads to insensitivity to pressure sensation in théSaituki et al., 2003a)

The purpose of this study was to determine and compare the distribution of
mechanoreceptors across the mdusé paw skin intgal-null and wild type mice. In addition,
behavioral assays were conducted to evaluate medwsitivity and footfall patterns itgal-
null and wild type mice as a first step in correlating mechanoreceptor distribution and furtgtional
It was hypothesized that Meissneros corpuscl ec
skin, Pacinian corpuscles are present adjacent to bones deep in the foot, while Ruffini endings are
absent; mechanoreceptor distribution and footfaltgpatis similar in mice and men, with
mechanoreceptor density being highest in the anterolateral hindimteggin 1 b1 dampens
mechanoreceptor number ahds a larger density of mechanoreceptars present in thiategrin
U 4null compared to wild type mouse hind paws, howdtere is no difference in functional

mechaneand thermesensitivity of the glabrous skin between intedsidnull and wild type mice.

3.2 Methods

3.2.1 Ethics and mice

All animal procedures were approved bg #hnimal Care Committee of the University of
Guelph (AUP#3960). For histology and immunohistochemistry assays, eight wildtype (WT) (age

= 19 N 1 week, mass = 26 N -aull(@gplnulinege a2080s e) a
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weeks, mass = 29 + gpmean = se) mice (four of each sex) were anesthetized with isoflurane

and euthanized by cardiac puncture followed by cervical dislocation.

3.2.2 Histology

Right hind paws were coated with the c¢chemi
thoroughly with water. Under a dissection microscope (Leica M60, Wetzlar, Germany), the intact
hind paw was isolated from the mouse by a transverse cut at the adicolathe tibia and the
intermedium with a razor blad€ook, 1965)Figure7A). Nails were removed by trimming the
nail to the nail bed using surgical scissors. The dorsal skin was pulled down towards the digits and
removed. Hind paws were fixed in 4% paraformaldehyde (PFA) (Fisher Scientific, Whitby, ON)
for five to six days andemineralizedn CalEx Il (Fisher Scientific, Whitby, ON) for ten days.

Tissues were then washed for 30 minutes under running tap water and soaked in deionized water
for an hour to flush out the decalcifier. Hind paws were figstl in 4% PFA for six hots,

dehydrated in gradedthanos$, cleared in xylenes and infiltrated with 1:1 IM/LP Histoplast
paraffin mix (Fisher Scientific, Whitby, ON) in an automated tissue processor (HistoCore Pearl,
Leica Biosystems Inc., Concord, ON). They were then embeddeed paraffin mix with the mid

sagittal plane of the hind paw parallel to the surface of the mold. The entire mouse foot was serially
sectioned (RM2235, Leica Biosystems I nc., Con
sections being floated onéach microscope slide (Superfrost Plus, Fisher Scientific, Whitby, ON).

Each hind paw produced a series of approximately 130 slides for histological and

i mmunohi stochemical processing. To enable vis

across tk hind paw, every third slide obtained from each hind paw was stained using Hematoxylin
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and eosin (H&E). This was conducted using an automated stainer (ST5010, Leica Biosystems Inc.,
Concord, ON) and coverslipping machine (CV5030, Leica Biosystems Innco@h ON) to

maximize reproducibility (Figur@B).

Figure 7: Regions of the plantar and sagittal intact hind paw defined

(A) Photograph of the plantar surface ofiatactmouse hind paw showing digits |

V and footpads b . ( B) Light mi croscopy sagi
whole hind paw stained with hematoxylin and eosin. (C) Schematic showing th
regions of the sagittal view of the hind paw; D: heel hair f@cE: glabrous plantar
metatarsal skin, F: glabrous footpad skin, G: ridged glabrous plantar skin/plant
hair follicles, H: glabrous plantar digit skin, and I: digit hair follicles. Blue circles
show Merkel cell locations, red/blue circles indicate wher b ot h Me i
corpuscles and Merkel cells are found.

3.2.3 Immunohistochemistry

To confirm H&Ei dent i fi cation of Mei ssner 6s cor pu
group of interest (female and male, WT atghl-null) were selected for neurofilame?®0

(NF200) immunostaining, a marker for myelinated sensory neuieaisovic et al., 2018)To














































































































































































