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ABSTRACT 

THE ANATOMICAL DISTRIBUTION OF MECHANORECEPTORS ACROSS THE 

HIND PAW OF INTEGRIN A1-NULL AND WILDTYPE MICE USING SERIAL 

HISTOLOGICAL SECTIONING 

 

Valerie Wai 

University of Guelph, 2019

 

Advisor(s): 

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 histological sectioning of the intact mouse 

hind paw to quantify mechanoreceptors. Hind paw dissection, tissue preparation, chemical 

processing, sectioning and staining were successfully optimized. These methods were then applied 

to determine the anatomical distribution of mechanoreceptors across the hind paws of itga1-null 

and wild type mice. Meissner’s corpuscles were located exclusively in the glabrous footpad and 

tip of the digit skin while Merkel cells were found throughout the hind paw. Ruffini endings and 

Pacinian corpuscles were absent. The number of Merkel cells in itga1-null mice was four times 

less than controls, and itga1-null mice were less sensitive to static skin indentation suggesting an 

important role for integrin α1β1 in mechanosensation of the hind paw. 
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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 environment (Lumpkin 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 information (Yousef et al., 2019). Two skin 

types are 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 present in glabrous skin to allow for feedback 

regarding high acuity discriminative and exploratory touch, and locomotor foot placement 

(Zimmerman et al., 2014). Hairy skin is present everywhere else and contains hair follicles, with 

the exception of the lips and urogenital orifices (Pawlina and Ross, 2016). It plays numerous roles 

including thermoregulation, affectionate and emotional touch, and exocrine secretion (Ackerley et 

al., 2014). 

1.1.1 Epidermis 

The skin is comprised of three layers, the epidermis, dermis and hypodermis (Yousef et al., 

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 lucidum, the stratum granulosum, the stratum spinosum 

and finally the stratum basale (Pawlina and Ross, 2016; Yousef et al., 2019). These layers are also 

present in hairy skin with the exception of the stratum lucidum; which gives the glabrous skin its 
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notably thickened epidermis (Pawlina and Ross, 2016). Keratinocytes are the predominant (85%) 

cell type of the epidermis, and are generated from progenitor stem cells in the stratum basale 

(Pawlina and Ross, 2016). Keratinocytes 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, involving the transformation of 

granular cells from the stratum granulosum into keratinized, or cornified cells in the stratum 

corneum. Cornified cells are flattened, have a thickened plasma membrane and lack nuclei and 

cytoplasmic contents (Pawlina and Ross, 2016). The stratum corneum plays an essential role in 

the epidermal water barrier. The absorption and withdrawal of water is restricted by the lipids 

deposited onto the inner and outer surfaces of the thick plasma membrane of cornified cells (Marks, 

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 reticular 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 I and 

III and elastin, provide tensile strength and flexibility for stretching of the skin. Hair, hair follicles, 

sebaceous glands, sweat glands, muscles, neurons and blood supply are also found in the dermis 

(Yousef et al., 2019). Present at the epidermal-dermal junction in humans are finger-like 

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 papillae (Pawlina and 

Ross, 2016). At locations undergoing frequent mechanical force, the epidermis is notably thicker, 
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the epidermal ridges deeper, and the dermal papillae longer and more frequent (Pawlina 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 with hair follicles. The hypodermis also includes 

neural and blood supplies but to a lesser extent than in the dermis (Yousef 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 reptiles (Wong et al., 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 disease models (O’Conor et al., 2016; Shin et al., 2016; Wong et al., 2011). There 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 locations in humans, 

the epidermis and dermis combined are over 100μm thick, compared to mouse where they are less 

than 25μm. Human epidermis alone is 5 to 10 cell layers thick, while the majority of mouse 

epidermis comprises only 2 to 3 cell layers (Cardiff et al., 2014; Gerber et al., 2014; Wong et al., 

2011; Zomer and Trentin, 2017) except in the footpads and tips of the digits where the epidermal 

thickness is comparable to humans. Footpads in mice serve to provide cushioning for load-bearing 

limbs such as the forepaws and hind paws (Ruberte et al., 2017); comparable structures are not 

present in humans. The subcutaneous tissue and dermis are also thicker in the footpads than other 
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areas of mouse skin. Eccrine sweat glands are found exclusively in the dermis of the murine 

footpads while in humans, they are found in the dermis of both glabrous and hairy skin (Ruberte 

et al., 2017). In humans, dermal papillae are intercepted by epidermal ridges whereas in mice, 

these structures are largely absent (Wong et al., 2011) except 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 injury (Nayak et al., 2015; Wong et al., 2011). Lastly, 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 (resting tension of 0.058 N/mm2 in mouse 

compared to 0.132 N/mm2 in human) (Aarabi et al., 2007). 

 

1.2 Mechanoreceptors 

The sense of touch is vital to motor control, object manipulation, social experience and 

environmental interactions (Lumpkin et al., 2010). Particularly during gait and balance, the ability 

to perceive changes in touch and pressure are largely due to the cutaneous low threshold afferent 

units present in the glabrous skin (Strzalkowski et al., 2018; Zimmerman et al., 2014). An afferent 

unit is comprised of an afferent sensory neuron and the mechanoreceptor(s) at its terminal end(s) 

(Iggo, 1984).  Mechanoreceptors are end organs of afferent neurons that function to transduce 

sensory 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 (SA) depending 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 (I) or large (II) in area 
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(Johnson, 2001). Small receptive fields tend to have definitive borders while large receptive fields 

have obscure borders (Iggo, 1984). To date, four types of afferents each associated with a type of 

mechanoreceptor has been identified in the human foot sole. RAI afferents terminate at Meissner’s 

corpuscles; SAI afferents terminate at Merkel cells; RAII afferents terminate at Pacinian 

corpuscles, and SAII afferents terminate at Ruffini endings (Johnson, 2001). In mice forelimbs 

and isolated pads from the hind and fore paws, Meissner’s corpuscles and Merkel cells have been 

found in the skin, and Pacinian corpuscles have been observed in deeper tissues adjacent to joints 

and bones (Albuerne et al., 2000; Fleming and Luo, 2013; Navarro et al., 1995; Zelená, 1994). 

Ruffini endings have yet to be identified in mice despite recordings being made of their 

neurological responses (Wellnitz et al., 2010).  

1.2.1 Meissner’s Corpuscles  

Meissner’s corpuscles of RAI afferents are present in the dermal papillae of glabrous skin. 

Of the four mechanoreceptor types, Meissner’s corpuscles are located closest to the surface of the 

skin, which may correlate with their high level of sensitivity to skin deformation as compared to 

other receptor types (Johnson, 2001). Meissner’s corpuscles are oval in shape, composed of 

Schwann cell-derived lamellar stacks and are surrounded by a fibroblast capsule (Fleming and 

Luo, 2013). In most cases, a single afferent supplies each Meissner’s corpuscle, although 

innervation by up to seven neural terminals has also been observed, however these were multiple 

terminal branches of a single afferent (Vega et al., 2013). In humans, Meissner’s corpuscles are 80 

- 150μm long and 20 - 40μm in diameter (Vega et al., 2013), whereas in mice they are 20 – 120μm 

long and 10 - 30μm in diameter (Zelená, 1994). As RAI mechanoreceptors, Meissner’s corpuscles 

respond only at the onset and ending of a stimulus. They respond to stimuli uniformly across their 
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small receptive fields such that when multiple nerve endings are simultaneously stimulated, each 

terminal branch will contribute equally to the nerve impulse (Fleming and Luo, 2013; Johnson, 

2001). The result is that they are extremely sensitive to dynamic skin deformation, detecting skin 

indentations of less than 10μm, but poor at pinpointing spatial details (Fleming and Luo, 2013; 

Johnson, 2001). Meissner’s corpuscles are known as the main detectors of light touch. They are 

particularly sensitive to low frequency vibrations of 5-100Hz and are the most effective at 

recognizing sudden forces that affect grip control (Johnson, 2001).  

1.2.2 Merkel Cells 

Merkel cells of SAI afferents are present in the stratum basale of glabrous and hairy 

mammalian skin. In glabrous skin, small clusters of 4 - 40 Merkel cells, known as touch spots, are 

located at the base of epidermal ridges. In humans, Merkel cells are most abundant in the fingertips, 

foot soles and eccrine sweat glands whereas in mice, they are found abundantly in the epidermal 

ridges of foot pad skin (Moll 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 Merkel cells (Halata 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 are present in the interfollicular epidermis of humans, (Fleming and Luo, 2013; Moll et al., 

1996; Zelená, 1994). Merkel cells are 10 - 15μm in length and are the smallest of the four 

mechanoreceptor types. Under electron microscopy, they are distinguishable by their electron 

dense neuroendocrine granules (each approximately 80 - 120nm in diameter; (Moll et al., 2005). 

As SAI mechanoreceptors, Merkel cells respond continuously throughout a stimulus such as 

during a sustained indentation of the skin. They are particularly important for perceiving fine 
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details such as points, edges and curvatures due to their high spatial acuity (Fleming and Luo, 

2013).  This was supported by evidence that genetically modified mice lacking Merkel cells were 

unable to detect changes in texture (Maricich et al., 2012). 

1.2.3 Pacinian corpuscles 

Pacinian corpuscles of RAII 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 soles (Zelená, 1994), but are also present in joints, the interosseous membrane of 

tendons, and various organs including the bladder, pancreas and genitalia (Bell et al., 1994). In 

mice, Pacinian corpuscles are most abundant within the interosseous membrane of the fibula and 

ulna (Zelena, 1978). Recently, they have also been found in the forepaws adjacent to the phalanges 

and radius (Prsa et al., 2019). This 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 distinguished 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 cross-section (Fleming and Luo, 2013). Each Pacinian corpuscle is innervated 

by a single afferent, although the afferent may innervate more than one Pacinian corpuscle (Zelená, 

1994). As RAII afferents, they respond to similar stimuli as compared to Meissner’s corpuscles, 

however Pacinian corpuscles have larger, more obscure receptive fields compared with Meissner’s 

corpuscles. Consequently, Pacinian corpuscles are ineffective at pinpointing stimuli. They are 

most sensitive to pressure changes and high frequency vibrations of 200 to 300Hz (Fleming and 

Luo, 2013; Zelená, 1994).  
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1.2.4 Ruffini endings  

Ruffini endings have been associated with SAII afferents through histological correlation 

(Johansson et al., 1992; Johansson and Westling, 1987; Macefield et al., 1996; Westling and 

Johansson, 1987). Like SAI afferents, SAII afferents respond throughout the entire application of 

a stimulus, however, they can be differentiated by their highly regular firing rate. Additionally, 

SAII afferents are less sensitive to skin indentation, compared to SAI afferents, but more sensitive 

to skin stretch (Fleming and Luo, 2013; Johansson and Vallbo, 1979a). Ruffini endings have been 

characterized 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 corpuscle (Pawlina and Ross, 2016). 

However, the anatomical location and existence of Ruffini endings is currently under debate. 

Although SAII responses have been recorded electro-physiologically in human glabrous skin, 

Ruffini endings are seldom found histologically (Johansson and Vallbo, 1979a; Rasmusson and 

Turnbull, 1986; Rice and Rasmusson, 2000). Pare et al. were only able to find one Ruffini-like 

structure in human digit skin, and concluded that Ruffini endings are extremely unlikely to be the 

sensory ending to SAII afferents (Paré et al., 2003). SAII responses have also been recorded in 

mouse hairy skin but no Ruffini-like structures have been observed (Wellnitz et al., 2010).  

 

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 afferents (Hagbarth et al., 1970; Johansson and 
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Vallbo, 1979a; Knibestöl and Vallbo, 1970). This technique involves the insertion of two 

microelectrodes, one reference and one recording, into a peripheral afferent nerve of a conscious 

human subject (Hagbarth and Vallbo, 1967; Vallbo et al., 2004). The target nerve for the hand is 

typically the median nerve, and for the foot the tibial nerve (Kennedy and Inglis, 2002; Knibestöl 

and Vallbo, 1970; Lowrey et al., 2013; Macefield et al., 1996; Strzalkowski 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 foot sole (Inglis et al., 2002; 

Kennedy and Inglis, 2002; Lowrey et al., 2013; Muise et al., 2012; Strzalkowski et al., 2015). The 

contrasting anatomy and functionality of the hand and the foot, however, may suggest different 

characteristics and distribution of mechanoreceptors in these peripheral anatomical regions. For 

example, mechanoreceptors in the fingertips of the human hand are critical for high tactile acuity, 

precision and fine movements (Lumpkin et al., 2010). In contrast, the foot soles are primarily 

involved in maintaining overall posture 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 density is reduced in 

the foot sole compared to the hand in order to prevent hyperactivation (Handrigan et al., 2012).  

In the glabrous skin of the hand, the perceptual thresholds, receptive field distributions, 

relative and absolute densities of afferent units, and the number of mechanoreceptor endings for 

each RAI or SAI afferent have been studied with microneurography, while fewer studies have been 

conducted in the foot sole which is less understood (Johansson and Vallbo, 1979a, 1979b; 

Macefield and Birznieks, 2009). To date all four types of mechanoreceptors, including Meissner’s 

corpuscles (RAI), Merkel cells (SAI), Pacinian corpuscles (RAII), and Ruffini endings (SAII), 

have been identified in the human hand and on the sole of the foot (Kennedy 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., 2018). Similar to the hand, there is an unequal 

distribution of afferents across the foot sole with afferent density increasing from proximal (heel) 

to distal (toes) (Johansson and Vallbo, 1980). The highest proportions of afferents are found across 

the toes and lateral border of the foot (Strzalkowski et al., 2018). Both 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 RAI and SAI afferents was recorded in the toes, followed by the lateral arch 

and lateral metatarsals (Strzalkowski et al., 2018).  

 

1.3.1 Electrophysiological Studies in Mice 

To study the properties of afferent units in mice, in vivo and ex vivo approaches have been 

developed (Cain et al., 2001; Walcher et al., 2018). The in 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 in the digits, footpads and plantar surface. Stimulation of 

vibration-sensitive afferents associated with Pacinian corpuscles was not performed (Cain et al., 

2001; Perl, 1968). Interestingly, across all three regions, a larger proportion of RA responses (71%) 

compared to SA responses (29%) was found (Cain 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, plantar =14) (Cain et al., 2001).   
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The ex vivo approach 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 forepaw (Ranade et al., 2014) and hind paw skin (Walcher 

et al., 2018). The median 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 three-fold higher afferent innervation density than the 

hind paw glabrous skin (Walcher et al., 2018). In humans, a higher sensory innervation density is 

correlated with greater tactile discrimination as shown in the fingers and tongue (Johansson and 

Vallbo, 1979b, 1979a; Van Boven and Johnson, 1994). Using immunofluorescence and confocal 

microscopy, Meissner’s corpuscle density was found to be significantly larger in the mouse 

forepaw (1.10  0.09 corpuscle per 10-6 m3) compared to the hind paw (0.81  0.03 corpuscle per 

10-6 m3) (Walcher et al., 2018). Interestingly, the number of afferent nerves innervating each 

Meissner’s corpuscle was 25% larger in the glabrous forepaw compared to the hind paw. 

Specifically, more than 50% of Meissner’s corpuscles in the forepaw were associated with two to 

three axons while 70% of Meissner’s corpuscles in the hind paw were associated with just one or 

two axons. In contrast to Meissner’s corpuscles, SA I and II receptor proportions and properties 

across the forepaw and hind paw skin were consistent across all regions (Walcher et al., 2018). 

Together these data suggest that the high 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 grooming (Walcher 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 innervation density. In mice, Walcher et al. (2018) took 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 a 

systematic histological approach. 

 

1.4 Histology 

Histology is the study of microscopic structures in the body (Al-Habian et al., 2014; Bindhu 

et al., 2014; Lester, 2010; Pawlina and Ross, 2016). 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 paraffin-embedded tissues. The tissue 

sample first undergoes 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 

cross-linking (Howat and Wilson, 2014). Alcohol-based fixatives are examples of denaturing 

fixatives and these solutions cause protein denaturation by removing water which causes protein 

coagulation and tissue shrinkage (Baker, 1958; Howat and Wilson, 2014). Cross-linking fixatives 

are more commonly used. One of the most frequently employed fixatives is formaldehyde. 

Formaldehyde is typically used as a 37% solution, 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, 1958). Inadequate fixation may occur when there is incomplete 

penetration of the fixative or if there is insufficient cross-linking. Over-fixation can also occur 

where tissues are degraded due to excessive protein disruption. Both inadequate and over-fixation 

can cause irreversible artifacts in tissues, and a loss of antigenicity (Al-Habian et al., 2014).  
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1.4.1 Histology involving Demineralization of Bone Specimens 

For bone specimens or samples containing mineralized tissues (e.g., calcified cartilage), an 

additional step, known as demineralization, is required. The hard and dense consistency of 

mineralized bone causes tissues to crumble or tear apart during sectioning if not demineralized. 

Demineralization involves the removal of calcium ions from bone specimens to soften the tissue 

for microtome sectioning (Dermience et al., 2015; Liu et al., 2017). Two main types of 

demineralizers, also known as decalcifiers, are available: acids and chelating agents. Acidic 

decalcifiers such as Cal-Ex are often more time efficient but can breakdown proteins in the tissue 

samples (González-Chávez et al., 2013; Prasad and Donoghue, 2013). In contrast, chelating agents 

such as ethylenediaminetetraacetic acid (EDTA), are the most time consuming but typically better 

preserve the soft tissue as their method of demineralization is gentler than acidic decalcifiers 

(Prasad and Donoghue, 2013). Effective demineralization will soften bone to allow easy sectioning 

while still preserving tissue morphology, staining quality and antigenicity.  

1.4.2 Tissue Processing and Staining 

Following fixation and/or demineralization, tissues must be thoroughly washed to remove 

residual fixative and decalcifier, then dehydrated, cleared, and infiltrated with an embedding 

medium that will allow the tissues to be thinly sectioned (5 - 15m). For paraffin embedded tissues, 

dehydration is performed using a series of alcohols of increasing concentrations for the purpose of 

removing water in the tissue (Pawlina and Ross, 2016). This is followed by clearing, which uses 

organic solvents such as xylenes, that are miscible with both alcohol and paraffin (Pawlina and 

Ross, 2016). The tissues 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 procedures must 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 (IHC) (Pawlina and 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 processes (Liu et al., 2017; Sanjai et 

al., 2012a). The quality of H&E or IHC staining is heavily affected by fixation, demineralization 

and tissue processing, thus each step must be carefully considered for the production of high-

quality sections.  

1.4.3 Histology of 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 approach is limited 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 challenges of the perfused fixative reaching the arterial supply in the distal limbs. 

This challenge is magnified with embalming procedures using formaldehyde fixation, whose 

cross-linking properties result in rigid tissues, blood clots and long infusion times that impede the 

movement of fixative (Doomernik et al., 2016).  

1.4.4 Histology of Mouse Hind Paws 

Harvesting mouse hind paws for histology enables one to study the glabrous sole in its 
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entirety, nonetheless, histological processing of intact hind paws presents its own challenges. For 

instance, the skin may act as a barrier preventing thorough reagent penetration. This can further 

prolong processes such as the demineralization of 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 density and morphology in these isolated regions are 

then used to make inference about density in other regions (Navarro et al., 1995; Walcher et al., 

2018; Wong et al., 2006). Due to variation in the number of mechanoreceptor endings per afferent 

however, such inference may render an inaccurate depiction of the mechanoreceptors across the 

intact hind paw. To fully understand the relationship between the distribution of mechanoreceptors 

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 attempted in intact rat hind paws, sectioning was 

deemed ‘impossible’ even following various modifications with dissection and demineralization 

(González-Chávez et al., 2013). Interestingly, the forepaws produced the highest quality sections 

suggesting that the specific anatomy and morphology of the hind paw prevented adequate tissue 

processing (González-Chávez et al., 2013). With successful serial sectioning and histological 

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 

integrin α1-null mouse (Gardner et al., 1996).  

 

1.5 Integrin α1β1 

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 abundant (Gardner et al., 1999), and cell to cell 

adhesions are mediated by integrins (Hegde and Raghavan, 2013). Integrins are a family of 

heterodimeric transmembrane receptors consisting of one α and one β subunit. Eighteen different 

α subunits and eight β subunits have been identified in vertebrates (Barczyk et al., 2010), with β 

subunits pairing with a variety of α subunits and vice versa. For example, β1 is known to pair with 

α1, α2, α3, α5 etc. (Watt and Jones, 1993). The two subunits sit adjacent to one another in the cell 

membrane and interact with extracellular matrix proteins such as collagen, fibronectin and/or 

laminin, where cell signaling occurs bidirectionally. Inside the cell, the cytoplasmic tail of the β 

subunit binds to a cytoskeletal protein (i.e. talin) to induce activation that allows the integrin to 

bind to extracellular matrix proteins with high affinity, a process known as ‘inside-out’ signaling 

(Heino, 2014; Qin et al., 2004). Ligand-bound integrins then cluster together to form focal 

adhesions that anchors the attachment of the extracellular matrix to the cytoskeleton of a cell, a 

process known as ‘outside-in’ signaling (Heino, 2014; Qin et al., 2004). Most general signaling 

events are mediated by the β subunit while less is known about the functions of the α subunit. The 

α subunit of integrin α1β1 has been suggested to mediate cell migration and modify interactions 

of the β1 subunit (Heino, 2014). Through these mechanisms, integrins alter 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 α1β1 specifically is expressed by keratinocytes (Watt and Jones, 1993) and is a 

major receptor for collagens type I, II, IV and VI. Importantly, the integrin α1 subunit exclusively 

binds to the β1 subunit, and thus its deletion in mice results in deletion of integrin α1β1 (Gardner 
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et al., 1996). Despite the role of integrin α1β1 as the lone collagen receptor of smooth muscle cells, 

integrin α1-null mice are viable and show no abnormalities during development or in adult gross 

anatomy compared to their wild type counterparts. Fibroblasts harvested from the dermis of α1-

null mice show specific detachment from collagen IV and 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 α1β1 in collagen production has been identified. In fibroblasts seeded on collagen gels, 

anti-α1β1 antibodies suppress collagen synthesis (Langholz et al., 1995), while in α1-null 

osteosarcoma cells, downregulation of collagen synthesis is inhibited (Riikonen et al., 1995) and 

fibroblasts from scleroderma patients demonstrate upregulation of collagen synthesis and 

downregulation of integrin α1β1 expression (Ivarsson et al., 1993). Integrin α1-null fibroblasts are 

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 be mediated by integrin α2β1, which may be activated 

by increased collagen levels (Gardner et al., 1999).  

Integrins also play a role in epidermal keratinocyte differentiation. Progenitor cells of the 

stratum basale of the epidermis are known to express high levels of β1 integrins (Watt and Jones, 

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 

expression of β1 integrins are downregulated, allowing their outward migration through the 

suprabasal layers to the skin surface where terminally differentiated cells are shed (Watt and 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 

mechanoreceptors 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 lamellae causes nerve 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 activate at the onset and ending of a stimulus (Piccinin and Schwartz, 

2018; Vega et al., 2009). The 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 investigation.  

 

1.6 TRPV4 and Piezo2 in Mechano-sensation 

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’s corpuscles and Merkel cells. TRPV4 is a non-selective cation channel 

permeable to calcium and activated by changes in osmolarity, sheer stress, acidity, heat, pain, and 

apoptosis (Heller and O’Neil, 2007; Jablonski et al., 2014). It is present in a wide range of tissues, 

both sensory and non-sensory, including the kidneys, lungs, heart, brains, cartilage, skin, dorsal 
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root ganglia, and nerve endings (Heller and O’Neil, 2007). Interestingly, while TRPV4 is present 

in chondrocytes of wild type and α1-null mice, as demonstrated by immunohistochemistry, α1-

null chondrocytes are unable to sense and respond to osmotic stress (Jablonski et al., 2014). 

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

integrin α1β1. 

In the skin, TRPV4 is localized to cutaneous afferent terminals of Meissner’s corpuscles and 

Merkel cells in the glabrous skin of mice. Specifically, TRPV4 is expressed by Merkel cells, 

Meissner’s corpuscles and their associated afferent nerves (Suzuki et al., 2003b). TRPV4 is also 

localized to afferent terminals deep to the stratum basale. These afferent terminals are termed 

‘penicillus’ and, similar to the Meissner’s corpuscles, are tethered to the base of the epidermis by 

collagen fibers (Suzuki et al., 2003b).  

In addition to mechanosensation, TRPV4 plays a role in skin thermo-sensation. TRPV4 is 

activated in vitro at temperatures ranging from 32-40ºC. In the skin, keratinocytes and free nerve 

endings express TRPV4 and, as such, are thought to function as heat sensors (Suzuki et al., 2003b). 

Interestingly, when the TRPV4 gene was disrupted in mice, a reduced sensitivity to acidic 

nociception and pressure sensation in the tail was shown (Suzuki et al., 2003a).  

Studies of Piezo2 have revealed important insight into the molecular mechanism of 

cutaneous mechanotransduction. Piezo2 is a mechanically activated cation channel expressed in 

Merkel cells of both hairy and glabrous skin. It is also expressed in Meissner’s corpuscles of 

glabrous skin (Ranade et al., 2014). When Piezo2 was specifically knocked out in mouse skin, but 

not in afferent neurons, SAI activity 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 sensation (Ranade et al., 2014), supporting 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 wild type controls in response to forces 

greater than 4.0g (Ranade et al., 2014). This suggests that Piezo2 is activated at a lower range of 

mechanical stimuli (Ranade 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 have revealed the distribution of different types 

of afferent responses and their receptive fields. All four types of afferent responses (RAI, SAI, 

RAII, SAII) have been recorded from the glabrous foot sole of humans, however, the distribution 

and density of each mechanoreceptor ending has yet to be determined. While Meissner’s 

corpuscles, Merkel cells and Pacinian corpuscles have been visualized in human skin, the 

morphological structure of Ruffini endings remains unclear. Similarly, RAI, SAI and SAII afferent 

responses have been recorded in the mouse hind paw. Meissner’s corpuscles and Merkel cells were 

visualized in mouse hind paw skin, Pacinian corpuscles in deep tissues adjacent to bone, while 

Ruffini endings have not been identified. Serial histological sectioning 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 is more readily 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 sectioning of intact 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 and lower 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 distribution of mechanoreceptor endings remains unknown. 

Furthermore, previous contradictory results from electrophysiological and histological analyses, 

as in the case for the presence of SAII nerve electrophysiological responses but histological 

absence of Ruffini endings, 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 across the foot sole 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 in the mouse 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 α1-null mice would reveal insight into the role of integrin ⍺1β1 in 

mechanotransduction.  



 

 

 

22 

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 paws of itga1-null and wild type mice. 

 

We hypothesized that: 

1) Meissner’s corpuscles and Merkel cells are present across the entire mouse hind paw skin, 

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;  

3) Integrin α1β1 dampens mechanoreceptor number in the mouse hind paw. 
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Chapter 2: Serial Histological Sectioning for Quantification of the 

Anatomical Distribution of Meissner’s Corpuscles across the 

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 discriminative touch and 

mobility, enabling controlled movements during gait and balance (Zimmerman 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 function (Zimmerman et al., 2014). 

Mechanoreceptors  transduce skin stretch, indentation and pressure changes into action potentials 

that are carried by afferent neurons to the central nervous system for processing (Lumpkin et al., 

2010). Afferent neurons and their associated mechanoreceptors are classified as rapidly adapting 

(RA) or slowly adapting (SA) depending on whether they respond 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) or large (II) (Kennedy and Inglis, 2002). RAI afferents 

terminate as Meissner’s corpuscles in the dermal papillae, which are imperative for minute skin 

indentations and grip control (Johnson, 2001). RAII afferents terminate as Pacinian corpuscles 

deep in the dermis, that detect and transmit vibratory stimuli (Johnson, 2001). SAI afferents 

terminate as Merkel cells in the stratum basale of the epidermal ridges, and detect sustained skin 

indentation and textural changes. Lastly, SAII afferents terminate as Ruffini endings, responding 

to stretching of the skin (Johnson, 2001). To date, Meissner’s corpuscles and Merkel cells have 

been found in the mouse hind paw skin (Zelená, 1994; Zimmerman et al., 2014). Pacinian 
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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, 1978). However, only forelimbs, isolated 

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

locations of Meissner’s corpuscles, Merkel cells and Pacinian corpuscles (Albuerne et al., 2000; 

Fleming and Luo, 2013; Navarro et al., 1995; Zelená, 1994). Ruffini endings have yet to be 

identified in mice despite recordings being made of their neurological responses (Wellnitz et al., 

2010). Thus, the anatomical distribution of mechanoreceptors across the entirety of the hind paw 

has yet to be confirmed. 

Current knowledge about mechanoreceptors and their responses in the foot sole is largely 

derived using microneurography (Kennedy and Inglis, 2002; Ribot-Ciscar et al., 1989; 

Strzalkowski et al., 2018). This is an in vivo technique carried out in humans that involves the 

insertion of a microelectrode into a peripheral nerve to record neural activity in response to a 

stimulus (Strzalkowski et al., 2018). Similar in vivo and ex vivo approaches to record responses 

from single sensory fibres has also been developed in mice, where mapping of single afferent 

centers in the glabrous hind paw skin is possible (Cain et al., 2001; Walcher et al., 2018). Despite 

their important insights, these methods do not measure the number and distribution of 

mechanoreceptors at the afferent terminus. To verify the presence and to determine the density and 

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 cadaver tissues. 

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 gene deletion that can probe the underlying 

mechanisms of mechanoreceptor function (Haycraft et al., 2007; O’Conor et al., 2016; Shin et al., 

2016; Zimmermann et al., 2014). Previous 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 only on isolated histology in the pads 

and digits (Navarro et al., 1995; Walcher et al., 2018; Wong et al., 2006). To fully understand how 

the distribution of mechanoreceptors across the 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 

sectioning of the intact rat hind paw however has proved ‘impossible’ despite various alterations 

in tissue dissection and demineralization (González-Chávez et al., 2013). Paraffin sections of rat 

hind paw were unobtainable despite extended processing time and skin removal (González-Chávez 

et al., 2013).  

The purpose 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 4-6 months old and skeletally mature. To minimize 

blood flow during micro-dissection, 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 throughout the skin while removing the need for 

bone demineralization, our 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 the tibialis 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 pulling the skin down 

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 edges stapled together. 
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Figure 1: Skin dissection and the plantar hind paw. 

Cuts (red dashed line) made to the (A) dorsal and (B) 

plantar foot for experiments using isolated glabrous hind 

paw skin, and (C) the dorsal skin for removal for 

experiments using the intact hind paw. (D) Digits I to V 

and footpads 1-6 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 chemical depilator Nair™ for 5 

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 removed by 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. For the sagittal bisection, 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 mechanoreceptors 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). 

Kimwipes™ (4 x 5cm) and gauze were soaked with phosphate buffered saline (PBS) to keep the 

biopsy punches from dehydrating and each footpad biopsy was wrapped in a Kimwipe™ and then 

wrapped in gauze and placed into a tissue cassette. The Kimwipe™ and gauze kept the footpad 

biopsies hydrated during handling and provided a penetrable cushion within the cassette 

throughout tissue processing. 

2.2.3 Chemical processing 

All tissues were fixed in 4% paraformaldehyde (PFA) for 18hours – 5 days (Table 1). 

Following fixation, intact hind paws were demineralized using Cal-Ex I, Cal-Ex II (Fisher 

Scientific, Whitby, ON) or EDTA for 4 days – 14 weeks (Table 1). Fixation and demineralization 

were carried out on a rocking platform at room temperature and demineralization reagents 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 tissue volume. Tissue demineralization was 

assessed periodically by a chemical test or, if this was not possible, a mechanical test. The chemical 

test consisted of combining 5mL of the Cal-Ex II solution from the sample tubes with 10mL of a 

1:1 solution of ammonium oxalate and ammonium hydroxide. A precipitate in the combined 
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solution indicated incomplete demineralization. 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 a non-demineralized hind paw or a demineralized paw as 

assessed by the chemical approach. 

Following demineralization, tissues were washed in running tap water for 30 minutes and 

soaked in deionized water for an hour. Some samples were post-fixed in 4% PFA for 1-6 hours 

while others were placed directly into 70% ethanol (reagent grade alcohol, VWR, Mississauga, 

ON) in preparation for dehydration. Tissues were dehydrated in a series of ethanols before being 

cleared in xylene and infiltrated with paraffin. A general-purpose paraffin (melting point 55-57°C, 

TissuePrep, Fisher Scientific, Whitby, ON)) or a 1:1 IM/LP Histoplast paraffin mix better suited 

for dense tissues (melting point 50-57°C, Fisher Scientific, Whitby, 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 or 12-hour protocol (Tables 1 and 2). 
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Table 1: Comparison of tissue preparation and processing modifications for the 10 experiments 

in the study.  

Hair, nails or dorsal skin were intact (✔) or removed (✗). Samples were submerged in 70% 

ethanol (†) or 4% paraformaldehyde (*) prior to the start of the automated tissue processor 

protocol.  

Experiment 
Tissue 

preparation 

Fixation 

(4% PFA) 
Demineralization 

Automated 

tissue 

processing 

time 

Paraffin 

Wax 

Hind paw skin 

✗Hair 

✗ Nails  

✗Dorsal Skin 
18h N/A 

N/A - 

Manual 

tissue 

processing 

General 

Purpose 

Intact 

hind paw 

1 

✔Hair 

✔ Nails  

✔Dorsal 

Skin 

24h 
4 days  

Cal-Ex I 
12h† 

2 

✔Hair 

✔ Nails  

✗Dorsal Skin 

24h 
4 days  

Cal-Ex I 
9h† 

3 

✔Hair 

✔Nails  

✗Dorsal Skin 

20h 
4 days  

Cal-Ex I 
9h† 

4 

✔Hair 

✔Nails  

✗Dorsal Skin 

24h 
25 days  

Cal-Ex I 
9h† 

5 

✔Hair 

✔Nails  

✗Dorsal Skin 

24 days + 4 days 

post 

demineralization 

36 days  

Cal-Ex I 
9h† 

6 

✗Hair 

✗Nails  

✗Dorsal Skin 

5 days 
4/9/11/15/22 days 

Cal-Ex II 
9h† 

7 

✗Hair 

✗Nails  

✗Dorsal Skin 

5 days 
10/12/16 days 

Cal-Ex II 
9h* 

1:1 IM/LP 

Mix 
8 

✗Hair 

✗Nails  

✗Dorsal Skin 

✔Bisected 

5 days 
12/13/14 weeks 

EDTA 
9h* 

Footpad biopsy 

✗Hair 

✗ Nails  

✗Dorsal Skin 

24h N/A 9h* 
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Table 2: Comparison of the 12h versus 9h tissue processing protocols used.  

*For experiments 7, 8 (intact hind paws) and footpad biopsy 

12h Automated Tissue Processing Protocol 9h Automated Tissue Processing Protocol 

Reagent Time Reagent Time 

4% PFA (manual) 1h 
70% ethanol or 

4% PFA* 
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 were sectioned (7-8μm) using 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 specifically designed 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 the ice and to 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. The shaved ice packet was applied for 30 mins - 1 hour 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 slides. Select slides were stained by hand 

using standard hematoxylin and eosin (H&E) or hematoxylin, fast green and safranin-O, and 

coverslips mounted using Cytoseal™ 60 (Thermo Scientific, Burlington, ON). 

2.2.5 Visualization of Meissner’s Corpuscles 

Two slides from the center of each digit were selected. One slide was stained using H&E 

and the other using hematoxylin, fast green and safranin-O to determine which stain would allow 

the best visualization of Meissner’s corpuscles. Different regions of the foot were identified on 

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 heel (Table 3). Meissner’s corpuscles were counted 

in these different regions of the hind paw on all four sections of each slide using light microscopy 

(100X 1.25 N.A. oil immersion lens, Nikon Eclipse E400 microscope) by one observer. Meissner’s 

corpuscles in mice skin range between 10-30μm in size (Zelená, 1994) while each section on a 

slide was 8μm thick, therefore receptors were only counted once if they were in a similar position 

across three consecutive sections to avoid double counting. The number of Meissner’s corpuscles 

observed in the different regions of the foot on the two slides from the centre of each digit were 

summed. An average number of Meissner’s corpuscles across three different mice was then 

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 skin from the surrounding hard tissues of the hind paw 

simplified tissue processing as demineralization steps were not required. The cardstock method 

prevented the isolated hind paw skin from curling during manual tissue processing. During 

sectioning however, the tissue often crumbled, curled in on itself and appeared dry. The ice block 

method improved sectioning temporarily for 4-5 sections but this was inconsistent between blocks. 

Consequently, serial sectioning across the hind paw skin was unattainable. Of the sections that 

were collected, H&E staining revealed the different layers in the skin including the stratum 

corneum, epidermis and dermis (Figure 2). Meissner’s corpuscles were seen in the dermal papillae 

of the footpads, but not in other areas of the skin such as inferior to the calcaneus or the phalanges 

(Figure 2). Although isolating the glabrous skin from the hind paw allowed visualization of 

Meissner’s corpuscles in the dermal papillae, it presented challenges in orientation during analysis. 

For example, it 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 hind paw 

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. Sagittal sections (7μm) stained with 

hematoxylin and eosin. * stratum corneum, † epidermis, $ 

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 experimentation 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 the sections 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 subsequent 

loss of section integrity. Removing the dorsal skin improved reagent penetration during fixation, 

demineralization and tissue processing, resulting in fewer white dry patches in the tissues during 

sectioning and thus improved section quality. Interestingly, bisected 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 morphologically preserved 

tissues. A 12-hour 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 9-hour protocol improved 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 chipping out of bone from the block and resulted in improved cohesion between the tissue and 

the paraffin compared to hind paws prepared with general-purpose paraffin. 

  



 

 

 

37 

 
Figure 3: Light microscopy images of intact hind paws (toe (A,B,C), metatarsal (D,E,F), 

footpad (G,H,I)) fixed (4% PFA) for 20 or 24 hours, and processed (automated) using a 9 or 

12 hour protocol.  

Sagittal sections (7μm) stained with hematoxylin and eosin. Note the improved preservation 

of tissue morphology and integrity throughout the hind paw with longer fixation and shorter 

processing times (B,E,H). 

 

Demineralization 

By day 4 of demineralization with Cal-Ex™ I, both mechanical testing and chemical testing 

confirmed complete demineralization, however, section quality 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 demineralization with Cal-Ex™ I was extended to 25 and 36 days, sectioning was 

greatly improved and the bone no longer chipped from the block. With lengthened 

demineralization times however, hematoxylin staining decreased significantly demonstrating 

nucleic acid damage 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)) demineralized in Cal-Ex™ I for 10 (A,C,E) or 36 (B,D,F) days. 

Sagittal sections (8μm) stained with hematoxylin and eosin. Note the absence of 

hematoxylin staining at the 36 day time point (B,D,F). 

 

Demineralizing with Cal-Ex™ II resulted in similar sectioning difficulties as Cal-Ex™ I at 

day 4, with large fragments of metatarsal bone chipping from the paraffin block making serial 

sectioning impossible. Extending Cal-Ex™ II demineralization time to 9 and 11 days significantly 
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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 Cal-Ex™ II 

demineralization time out to 15 and 22 days resulted in limited improvement 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 also demineralized in EDTA however demineralization times were 

much longer (12, 13 and 14 weeks) than for Cal-Ex™, making it the least efficient decalcifying 

agent. Mechanical and chemical testing demonstrated that EDTA demineralization was complete 

by week 12 however sectioning revealed poor tissue morphology. The 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-

Ex™ II at 22 days, with less effect on eosin staining (Figure 5).  
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Figure 5: Light microscopy images of the metatarsal region of intact hind paws 

demineralized in Cal-Ex™ II for 9 (A), 11 (C) or 22 (E) days, or EDTA for 12 (B), 13 

(D) or 14 (F) weeks.  

Sagittal sections (8μm) stained with hematoxylin and eosin. Note the decrease in tissue 

integrity with EDTA (B,D,F) compared to Cal-Ex™ II (A,C,E) and the reduced 

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 wrapped in gauze 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 

because demineralization steps were not required. Serial sectioning was successful for the footpad 

biopsies. H&E stained strongly and allowed for visualization of Meissner’s corpuscles in the 

dermal papillae of the footpads. 

2.3.4 Visualization of Meissner’s Corpuscles  

Serial sections were obtained from intact hind paws fixed in 4% PFA for 5 days, 

demineralized for 10 days in Cal-Ex™ II and automatically processed for 9 hours. Staining with 

either H&E or hematoxylin, safranin-O and fast green enabled identification of different regions 

of the foot including the distal tip of the digit, the 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 

sampled from the center of each digit. Meissner’s corpuscles were seen in the dermal papillae of 

the glabrous skin of the footpads (Figure 6), with footpads 3, 4 and 5 having the largest numbers 

(Table 3). Meissner’s corpuscles were not present in other regions of the hind paw (Table 3) and 
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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 boxed area in A and B is magnified in C and D, and the boxed area in C and D is magnified in E 

and F respectively. Sagittal sections (8μm) stained with hematoxylin and eosin (A,C,E) or hematoxylin, 

safranin-O and fast green (B,D,F). Various regions of the foot can be identified (A,B) including the 

distal tip of the digit, the dorsal and plantar surfaces of the phalanges, the foot pads, the plantar 

metatarsal skin and the heel. Note the well-preserved tissue morphology and integrity and the 

Meissner’s corpuscles in the dermal papillae of the footpads. 
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Table 3: The number of Meissner’s corpuscles and their location across the plantar hind paw 

surface. 

Meissner’s corpuscles were observed from two stained slides taken from the center of each 

digit. A cartoon of a sagittal foot cross-section indicates the specific locations. ‘-’ indicates 

location not present on the slides. 

 

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 approaches – footpad 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 removal of hair, nails, and dorsal skin following isolation of 

 

Digit 
Foot 

Pad 

Meissner Count 

Dorsal 

phalanges 

(A) 

Distal tip 

of digit 

(B) 

Plantar 

phalanges 

(C) 

Footpads 

(D) 

Plantar 

metatarsal 

skin (E) 

Heel 

(F) 

1 - 0 0 0 - 0 0 

2 - 0 0 0 - 0 0 

3 
2 

0 0 0 
2 

0 0 
3 12.5 

4 
4 

0 0 0 
8 

0 0 
5 10.5 

5 5 0 0 0 0 0 0 
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the hind paw from the mouse, 5 days of fixation, 10 days of demineralization in Cal-Ex™ II, post-

fixation for 5 hours, a 9-hour automated tissue processing protocol, infiltration and embedding in 

a 1:1 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 isolated hind paw skin 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 skin approaches consisted of a single tissue type – 

skin – 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, however we were not able to visualize any other locale of the hind paw plantar 

surface. The hind paw skin revealed the location of Meissner’s corpuscles relative to the epidermis 

and dermis, however because other structures of the hind paw (digit, heel, phalangeal and 

metatarsal bones) were not visible, identifying the location of Meissner’s corpuscles across the 

plantar surface was still problematic. Indeed distinguishing the footpads from one another was 

challenging. Unexpectedly, processing the hind paw skin manually 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 

Meissner’s corpuscles because the different 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 will not 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. The 5th digit was 

embedded flat onto the mold and as a result, the 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 sagittal midline 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 context for the 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 the rate of tissue processing (González-Chávez 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 10mm 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 environment, mediated primarily by the 

hydrophobic lipids in the extracellular matrix of the stratum corneum of the epidermis (Elias, 

2008). This barrier will also prevent the penetration of the reagents during tissue processing. 

Previously in rat intact forepaws and hind paws, complete skin removal reduced demineralization 

time by 28% (González-Chávez et al., 2013). In 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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at least one surface. While sagittally cut rat hind paws showed improvements in demineralization 

due to reduced sample size (González-Chávez et al., 2013), our results showed separated and 

disorganized tissue layers likely due to a combination of extensive EDTA demineralization and 

loss of tissue integrity following bisection.  

The first step of tissue processing is fixation which prevents tissue degradation in order to 

preserve its anatomical and morphological state for histological analysis (Howat and Wilson, 

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 specimens (Howat and Wilson, 2014). In 

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 improved sectioning quality and 

consistency, and both H&E and safranin-O, fast 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 on these tissues due to the protracted fixation time 

(Howat and Wilson, 2014). Moreover, the 9 hour automated tissue processing protocol yielded the 

best results with respect to 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 

ethanols and infiltrating with hot paraffin wax (Taqi 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 paws (González-Chávez et al., 2013). Following four days of 

demineralization with Cal-Ex™, it was clear that the tarsal bones and metatarsals of digits two and 

four of the mouse hind paw were least demineralized and 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 agent (Shin et al., 2016). This was not possible in our study 

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 medium (Porter et al., 2017). In 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 reportedly been a standard decalcifier that produced good antigenic preservation 

(González-Chávez et al., 2013; Liu et al., 2017; Sanjai et al., 2012b). In comparison to decalcifiers 

such as formic acid (found in Cal-Ex™), EDTA is a more gentle but slower chelating agent. 

Demineralization of rat femurs requires 21 days in 10% EDTA versus 8 days for 3-5% nitric acid 

and 8% hydrochloric acid/formic acid (Liu et al., 2017), and intact rat hind paws demineralized in 

10% EDTA for 100 days were impossible to section due to substantial crumbling of the tissues 

(González-Chávez et al., 2013). We show that demineralization of mouse hind paws took at least 

8 times longer with 10% EDTA compared to Cal-Ex™. Others have reported that 10% EDTA is 

the best demineralization agent for immunohistochemistry of rat femurs and for H&E staining of 

sagittally halved and skinned rat hind paws and fore paws with/without microwave treatment 

(González-Chávez et al., 2013; Liu et al., 2017). For our mouse hind paws however, the protracted 

demineralization time in 10% EDTA caused the tissues to disintegrate and H&E staining to be 

compromised compared to Cal-Ex™ tissues.  

Meissner’s corpuscles were more easily distinguished with the contrast of H&E staining 

rather than safranin-O, fast green and hematoxylin. H&E serial sections of the intact hind paws 

enabled visualization and localization of Meissner’s corpuscles that were isolated to the footpad 
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dermal papillae of the glabrous skin. Footpad 3 was found to have the greatest number of 

Meissner’s corpuscles and footpad 2 had the least. It is important to note however, that only two 

slides were sampled at each digit to visualize the mechanoreceptors and a larger sample of slides 

must be analyzed to obtain an accurate count, density or distribution of Meissner’s corpuscles 

across the various locations of the hind paw plantar skin. No other receptor types were identified 

with this preparation. Our observations are consistent with others who have found Meissner’s 

corpuscles in the glabrous skin of the mouse (Fleming and Luo, 2013; Walcher et al., 2018). 

Pacinian corpuscles have not been found in rodent skin however they are abundant in the 

interosseous membrane of the ulna and fibula (Fleming and Luo, 2013). SAII afferent responses 

have been recorded electrophysiologically in mouse hairy skin, however the Ruffini endings 

associated with these afferents have not been found (Fleming and Luo, 2013). Merkel cells have 

also been located in the glabrous and hairy skin of the mouse (Fleming and Luo, 2013; Walcher et 

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

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

distinguish them (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 across the plantar surface. 

We used three different approaches – footpad 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 surrounding tissues. 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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mechanoreceptors 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 data are consistent with previous 

studies with Meissner’s corpuscles identified in the footpads of the glabrous skin while Pacinian 

corpuscles and Ruffini endings were absent. Merkel cells will require immunohistochemistry to 

distinguish them from surrounding keratinocytes. 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 Mechanoreceptors across 

the Mouse Hind Paw; Integrin a1b1 increases Merkel Cell Number but 

does not affect Meissner’s Corpuscle Count 

 

3.1 Introduction 

The skin is a critical organ for interaction between the body and the environment. Aside 

from its imperative protective and homeostatic functions, skin serves to convey sensory 

information about the environment to the brain (Lumpkin et al., 2010; Yousef et al., 2019; 

Zimmerman et al., 2014). Hairy skin, containing hair follicles, is the most common skin type that 

primarily perceives affectionate and emotional touch (Zimmerman et al., 2014). In contrast, 

glabrous (hairless) skin is restricted to the palms 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 there (Zimmerman et al., 2014). Mechanoreceptors are end 

organs of afferent sensory neurons that detect mechanical forces. The combination of a 

mechanoreceptor and its associated neuron(s) is known as an afferent unit (Lumpkin 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 gait (Strzalkowski et al., 2018, 2015). Four classes of afferent 

units have been identified, each classified based on whether they respond at the start and end of a 

stimulus (rapidly adapting (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 (II) (Johnson, 2001). Four classes of afferent units have been described on 

the human foot sole: RAI afferents which terminate at Meissner’s corpuscles, SAI afferents which 
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terminate at Merkel cells, RAII afferents which terminate at Pacinian corpuscles, and SAII 

afferents which terminate at Ruffini endings (Johnson, 2001).  

 Current knowledge of the afferent units present across the human foot sole are largely 

derived from microneurography, a technique involving the insertion of microelectrodes into a 

peripheral afferent nerve of a conscious human subject (Hagbarth and Vallbo, 1967; Vallbo et al., 

2004). Microneurography 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., 2018). Higher afferent proportions 

have been measured in the anterolateral foot sole and are postulated to provide mechanosensitive 

feedback to keep the body balanced and from falling sideways or forward as foot contact moves 

from the heel to the lateral arch then the digits during gait (Strzalkowski et al., 2018). Specifically, 

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 afferents was recorded in the toes, followed by the 

lateral arch and lateral metatarsals (Strzalkowski et al., 2018).  

Current knowledge of afferent units in mice are derived from specialized in vivo and ex 

vivo preparations (Cain et al., 2001; Walcher et al., 2018). The in vivo preparation 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 digits, footpads and plantar surface, with a larger 

proportion of RA responses (71%) compared to SA responses (29%) in all three regions (Cain et 

al., 2001). The ex vivo approach was developed to record responses from single afferent fibers in 

mouse skin nerve preparations (Walcher et al., 2018). Using this approach, it was determined that 
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forepaw glabrous skin had a three-fold higher afferent innervation density than the hind paw 

glabrous skin. Meissner’s corpuscle density was also found to be significantly higher in the mouse 

forepaw compared to the hind paw, while the number of afferent nerves innervating each 

Meissner’s corpuscle was 25% larger in the glabrous forepaw compared to the hind paw. In 

contrast, SA receptor proportions and properties across the forepaw and hind paw skin were 

consistent across all regions (Walcher et al., 2018). Microneurography and electrophysiological 

studies reveal the proportions of different types of afferent responses, the distribution of their 

receptive fields and the afferent innervation density in the foot sole or hind paw; based on this 

data, inferences are then made about mechanoreceptor distribution in the skin (Strzalkowski et al., 

2018). However, recordings of a single afferent may not correspond to mechanotransduction from 

a single mechanoreceptor ending due to neural summation (Parker and Newsome, 1998; 

Strzalkowski et al., 2015; Vega et al., 2013). Neural summation, or the pooling model, is the 

convergence of signals from several branches of afferent neurons to one main branch that is then 

communicated to the central nervous system (Parker and Newsome, 1998). Each of the smaller 

branches presumably contains a mechanoreceptor at its terminal end, while some 

mechanoreceptors may be innervated by more than one afferent and thus, the exact distribution of 

mechanoreceptor endings in the foot sole skin remains unknown (Vega et al., 2013; Walcher et 

al., 2018). Hence, this mismatch between afferent and mechanoreceptor distribution calls for a 

direct visualization of the skin using histological methods to 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 well as the poor 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 gene deletion or disease conditions. To date, 

Ruffini endings have not been observed in mice despite recordings being made of their 

neurological responses (Wellnitz et al., 2010). In contrast, Meissner’s corpuscles and Merkel cells 

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 paws (Albuerne et al., 2000; Fleming and Luo, 2013; 

Navarro et al., 1995; Zelená, 1994). A systematic study 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 species (Iggo and 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 

are critical for cell-extracellular matrix interactions (Barczyk et al., 2010; Gardner, 2014), are one 

possible candidate for mediating mechanoreceptor function. Vertebrates express 18 α and eight β 

subunits, combining as heterodimers to form a family of 24 integrin subtypes (Barczyk et al., 

2010). Keratinocytes express α1β1, α2β1, α3β1, α5β1, α8β1, α6β4 and αvβ5 integrins and, of 

these, integrin α1β1 is a major receptor for collagens types I, II, IV, and VI (Watt and Jones, 1993). 

Importantly, the integrin α1 subunit binds exclusively to the β1 subunit, and thus deletion of the 

α1 subunit in mice results in the absence of integrin α1β1 (Gardner et al., 1996). Importantly, 

deletion of the α1 subunit does not influence the expression of the α2, α3 or β1 subunits at the 

protein level, nor alter the affinity of integrin α2β1 to types I and IV collagen in embryonic 
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fibroblasts and smooth muscle cells (Gardner et al., 1996; Pozzi et al., 1998). Interestingly, integrin 

α1-null (itga1-null) mice lack a negative feedback regulation of collagen synthesis, resulting in 

dermal overexpression of collagen type I (Gardner et al., 1999). The morphology and thickness of 

the itga1-null dermis appears normal however, likely due to compensation from an increase in 

collagenase synthesis (Gardner et al. 1999).   

The β1 integrins are highly expressed in the stratum basale of the epidermis and expression 

is down regulated as the cells mature and migrate towards the suprabasal layers (Watt and Jones, 

1993). Importantly, Merkel cells 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 corpuscles has been 

investigated. When external mechanical forces are applied to the skin, collagen fibers transduce 

forces to the lamellae of the Meissner corpuscle, likely via integrins (Watt and Jones, 1993). This 

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 mediating cell-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 receptors. For example, the mechanosensitive 

ion channel transient receptor potential vanilloid 4 (TRPV4) is expressed by chondrocytes of wild 

type and itga1-null mice, however TRPV4 in itga1-null chondrocytes is not functional (Jablonski 

et al., 2014). TRPV4 is a non-selective cation channel that is activated by physiological 

temperatures (32-40ºC), osmolarity, sheer stress, acidity, pain, and apoptosis (Heller and O’Neil, 

2007; Jablonski et al., 2014; Tominaga, 2006). In addition to chondrocytes, it is also found in the 
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glabrous skin of mouse paws, and is highly expressed in Merkel cells, Meissner’s corpuscles and 

their associated afferent nerves (Suzuki et al., 2003b). Although a specific role for TRPV4 in the 

function of these mechanoreceptors is unknown, it has been shown that disruption of trpv4 in mice 

leads to insensitivity to pressure sensation in the tail (Suzuki et al., 2003a).  

 The purpose of this study was to determine and compare the distribution of 

mechanoreceptors across the mouse hind paw skin in itga1-null and wild type mice. In addition, 

behavioral assays were conducted to evaluate mechano-sensitivity and footfall patterns in itga1-

null and wild type mice as a first step in correlating mechanoreceptor distribution and functionality. 

It was hypothesized that Meissner’s corpuscles and Merkel cells are present in the mouse hind paw 

skin, Pacinian corpuscles are present adjacent to bones deep in the foot, while Ruffini endings are 

absent; mechanoreceptor distribution and footfall pattern is similar in mice and men, with 

mechanoreceptor density being highest in the anterolateral hind paw; integrin ⍺1β1 dampens 

mechanoreceptor number and thus, a larger density of mechanoreceptors are present in the integrin 

α1-null compared to wild type mouse hind paws, however there is no difference in functional 

mechano- and thermo-sensitivity of the glabrous skin between integrin α1-null and wild type mice. 

 

3.2 Methods 

3.2.1 Ethics and mice 

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

Guelph (AUP#3960). For histology and immunohistochemistry assays, eight wildtype (WT) (age 

= 19 ± 1 week, mass = 26 ± 2.1g; mean ± se) and eight integrin α1-null (itga1-null) (age = 20 ± 0 
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weeks, mass = 29 ± 1.6g; mean ± 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 chemical depilator Nair™ for 5 minutes then rinsed 

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 articulation of the tibia and the 

intermedium with a razor blade (Cook, 1965) (Figure 7A). 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 and demineralized in Cal-Ex II (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 post-fixed in 4% PFA for six hours, 

dehydrated in graded ethanols, 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 embedded in the 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 Inc., Concord, ON) at 8μm in the sagittal plane, with four 

sections being floated onto each microscope slide (Superfrost Plus, Fisher Scientific, Whitby, ON). 

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

immunohistochemical processing. To enable visualization and counting of Meissner’s corpuscles 

across the 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 Inc., Concord, ON) to 

maximize reproducibility (Figure 7B).  

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

(A) Photograph of the plantar surface of an intact mouse hind paw showing digits I-

V and footpads 1-6. (B) Light microscopy sagittal histological section (8μm) of 

whole hind paw stained with hematoxylin and eosin. (C) Schematic showing the 

regions of the sagittal view of the hind paw; D: heel hair follicles, E: glabrous plantar 

metatarsal skin, F: glabrous footpad skin, G: ridged glabrous plantar skin/plantar 

hair follicles,  H: glabrous plantar digit skin, and I: digit hair follicles. Blue circles 

show Merkel cell locations, red/blue circles indicate where both Meissner’s 

corpuscles and Merkel cells are found. 

 

3.2.3 Immunohistochemistry  

To confirm H&E identification of Meissner’s corpuscles, two slides representing each 

group of interest (female and male, WT and itga1-null) were selected for neurofilament-200 

(NF200) immunostaining, a marker for myelinated sensory neurons (Bakovic et al., 2018). To 
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visualize and count Merkel cells across the entire hind paw, every third slide of one female WT 

and one female itga1-null hind paw (86 slides total) were immunostained for cytokeratin-20 

(CK20), a specific marker for Merkel cells in mice (Moll et al., 1995). All slides processed for 

immunohistochemistry had two fully stained sections with antibodies, one omission control and 

one reagent control.  

Slides for NF200 were deparaffinized, quenched in 3% hydrogen peroxide for 30 minutes 

and blocked with 5% normal goat serum for two hours at room temperature (RT). Primary antibody 

against NF200 (AB_477272, 1:1000, Sigma Aldrich, St. Louis, MO) was incubated overnight at 

4°C. A secondary horseradish peroxidase labeled anti-rabbit polymer (DAKO, Burlington, ON) 

was applied for an hour at RT the following morning. Slides for CK20 were deparaffinized and 

incubated with proteinase K (20μg/ml in TE buffer, pH 8.0) at 40°C. Slides were then quenched 

in 3% hydrogen peroxide for 30 minutes and blocked with 3.6% normal horse serum for two hours. 

Primary antibody against CK20 (AB_1076310, 1:100, Thermo Fisher Scientific, Rockford, IL) 

was incubated overnight at 4°C. An ultra-sensitive avidin-biotin complex (ABC) peroxidase 

mouse IgG staining kit (Thermo Fisher Scientific, Rockford, IL) was applied the following day. 

From the kit, the secondary biotinylated horse anti-mouse IgG was applied for an hour at RT and 

the ABC was applied for 30 minutes at RT. All slides were developed using 3,3-diaminobenzidine 

(Sigma Aldrich, Oakville, ON) for 15 minutes at RT, counterstained with Harris’ Hematoxylin 

(Fisher Scientific, Whitby, ON) for ten seconds, dehydrated and cleared then mounted in 

Cytoseal™ XYL (Thermo Fisher Scientific, Burlington, ON).  
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3.2.4 Analysis  

Meissner’s corpuscles and Merkel cells were identified by two independent blinded 

observers using light microscopy (Nikon Eclipse E400, Mississauga, ON). The mechanoreceptors 

were counted and their location across the hind paw mapped. Different regions of the hind paw 

were identified on each section including (from posterior to anterior) heel hair follicles, glabrous 

plantar metatarsal skin, glabrous footpad skin, ridged glabrous plantar skin, plantar hair follicles, 

glabrous plantar digit skin and digit hair follicles (Figure 7C). 

The density of Meissner’s corpuscles and Merkel cells per footpad was determined by 

dividing the number of receptors counted on each slide by the fraction of slides analyzed per foot 

pad. To avoid double counting, we accounted for the diameter of the Merkel cells (10-15μm) 

relative to tissue thickness per slide (32μm total; 8µm per section x 4 sections per slide), the 

number of cells was further multiplied by 2.5 (32/12.5). No such adjustment was required for the 

Meissner’s corpuscles (diameter 20-40μm). The final number of receptors per footpad was then 

divided by the surface area of the footpad, estimated as the surface area of a hemisphere (2πr2, 

where r is the radius). To calculate the radius of each footpad, the first and last slides where a foot 

pad appeared was recorded, and the total number of slides (inclusive) containing the footpad was 

determined. This number was then multiplied by the tissue thickness on each slide (32μm total) to 

obtain the diameter and divided by two for the radius. 

The total number of Meissner’s corpuscles and Merkel cells seen in all other regions of the 

hind paw required further adjustment to give an estimated total mechanoreceptor count for each 

region across the entire hind paw. This accounted for the proportion of slides analyzed per region 

and the diameter of the mechanoreceptor. Specifically, the count of Meissner’s corpuscles was 
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multiplied by three (1/3 slides were analyzed and Meissner’s corpuscle diameter equal to tissue 

thickness per slide), and Merkel cell count was multiplied by 7.5 (1/3 slides were analyzed and 

Merkel cell diameter was equal to 2/5 tissue thickness per slide; i.e. 3 x 2.5). 

3.2.5 Behavioural Assays  

30 adult WT and 30 itga1-null (Gardner et al., 1996) mice (15 of each sex), different from 

those employed in histology and immunohistochemical analysis, were exposed to five assays for 

mechanical and temperature sensitivity. Static and ramping Von Frey were performed to assess 

the sensitivity of the hind paw to skin indentation as detected by Meissner’s corpuscles and Merkel 

cells. Cotton swab assays were applied to exclusively stimulate Meissner’s corpuscles as light, 

shear forces brushed against the skin are detected by these mechanoreceptors (Heller and O’Neil, 

2007). Finally, hot plate and cold plate assays were performed as negative control assays to test 

for temperature sensation. 

To minimize animal stress and sensitization to perturbations in force or temperature the 

assays were performed across two consecutive days. On day one, ramping Von Frey, cotton swab 

and hot plate assays were conducted while on day two, static Von Frey and ice pack assays were 

performed. All assays were performed in a quiet room at a similar time of day by the same blinded 

technician. The blinding process was performed by another lab personnel replacing each cage card 

(indicating the mouse ID and genotype) with a unique arbitrary number. The Von Frey assays were 

conducted in an enclosed elevated plexiglass platform whose floor was covered in 5.5mm diameter 

holes separated by 1.5mm of plexiglass (Figure 8A). The cotton swab assay was performed in an 

elevated wire bottomed cage with 1mm diameter wire bent into 12mm squares (Figure 8B). The 

holes or squares enabled access to the mouse hind paw during stance for the Von Frey probe or 
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teased cotton swab respectively. For all assays, mice were given 2 mins to acclimatize to the testing 

space and flicking, licking or withdrawal of the hind paw constituted a response. 

 

 
Figure 8: Photographs of set up for behavioural assays. 

Ramping and static Von Frey, (B) cotton swab, (C) hot plate and (D) cold plate 

assays. 
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The ramping Von Frey assay was performed with a semi flexible tip attached to an 

electronic Von Frey Anesthesiometer (IITC Life Science, Woodland Hills, CA). The tip was 

applied to the plantar surface of the mouse hind paw until a response was elicited and the force 

output recorded. Six trials were conducted. The static Von Frey assay was performed with 7.5g, 

2.9g, 2.4g, 1.8g, 1.3g and 0.8g hairs each applied, held to the hind paw with consistent pressure 

for one second, then removed. Each force was tested four times starting with the largest hair, and 

a yes/no response recorded (Ranade et al., 2014). Due to challenges in targeting specific areas of 

the plantar hind paw with the Von Frey hairs, stimulation occurred at different areas of the plantar 

hind paw and the responses were averaged. For the cotton swab assay, a cotton swab was teased 

out to approximately three times its original size and gently brushed along the plantar hind paw 

for 1-3 seconds and a yes/no response recorded (Ranade et al., 2014). A total of 15 trials were 

conducted. The hot plate assay was performed on a Panlab LE 7406 hot plate (Harvard Apparatus 

Canada, Panlab, St, Laurent, QC) set to 50.0 ± 2.0°C (Figure 8C). Each mouse was placed on the 

hot plate until a response was seen or a maximum of 30 seconds had passed. The time to response 

was recorded and each mouse was tested three times, with a minimum of three minutes between 

each trial. The ice pack assay was performed by placing a mouse on a dry paper towel lying on top 

of a 27cm x 27cm ice pack cooled in a -20°C freezer (Figure 8D). The time to response or a 

maximum of 30 seconds was recorded with each mouse tested three times and given a minimum 

of three minutes rest between each trial.  

3.2.6 Footfall Video Recording 

Six WT and six itga1-null adult mice (3 of each sex) were placed on an elevated glass 

platform with a narrow tunnel for them to walk through. The mice were allowed to freely walk 
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through the tunnel three times before a recording was taken. Videos (240fps, 720ppi) were taken 

on an iPhone 7 using the “SLO-MO” setting and with the flash on. For a good recording at least 

three footfalls of the right hind paw during continuous forward gait had to be clearly visible and 

in focus. The middle footfall of the right foot was then analyzed (Windows Media Player) and 

frames indicating a change in contact area of the plantar hind paw surface extracted. 

3.2.7 Statistics 

Statistica (StatSoft Inc., Tulsa, OK) was used for all statistical analysis, with significance 

defined as p < 0.05. Footpad surface area, Meissner density in the footpads, Meissner count in the 

digits and percentage of responses for static Von Frey data were analyzed using three-way repeated 

measures ANOVA with applicable independent categorical variables including, footpads (1 to 6), 

digits (1 to 5) or static Von Frey forces (0.8. 1.3, 1.8, 2.4, 2.9, 7.5g) as well as sex (male, female) 

and genotype (WT, itga1-null). Cotton swab, hot plate, cold plate and ramping Von Frey data were 

analyzed using two-way ANOVA with independent variables sex (male, female) and genotype 

(WT, itga1-null). Fisher LSD post hoc test was performed to determine significance. Statistical 

analysis was not performed on Merkel cell density in the footpads or the number of Merkel cells 

per digit due to the limited sample size of two mice (immunohistochemical analysis of each mouse 

required staining of at least 160 serial histological sections). For the static Von Frey data, 

independent t-tests were performed comparing the WT and itga1-null means at each Von Frey 

force. All values in the text are reported as mean±se. 
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3.3 Results 

3.3.1 Mice  

 As expected, male mice of both genotypes were 7g heavier than females (p<0.01, 

males=30.9 ± 1.3g, females= 23.8 ± 1.4g) and genotype had no effect on mass (p=0.39).    

3.3.2 Location of Mechanoreceptors  

Of the four mechanoreceptor types, only Meissner’s corpuscles and Merkel cells were 

found in the hind paw skin. Pacinian corpuscles and Ruffini endings, typically identifiable with 

H&E staining alone, were not observed despite close examination along the phalanges, metatarsals 

and tarsal bones of the hind paw. H&E staining revealed Meissner corpuscles exclusively in the 

dermal papillae of the glabrous footpad skin and the distal tip of the glabrous plantar digit skin 

(Figure 7B,C and 9A,B). They were distinguished by the light pink stained lamellar cells that 

appear cotton-like at the bulb of the dermal papillae. Their presence was confirmed using NF200 

antibody to stain for sensory myelinated neurons that supply and coil within the corpuscle (Figure 

9C,D). Myelinated neurons were concentrated at the bulb of the dermal papillae intertwined with 

the cotton-like lamellar cells, with the remaining length of the nerve fiber supplying the corpuscle 

descending into the dermis.  
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Figure 9: Light microscopy images of the glabrous foot pad (A, C, D) and skin of digit 

tip (B) containing Meissner corpuscles (yellow arrows).  

Sagittal sections (8μm) stained with hematoxylin and eosin (A, B), or immunostained 

for neurofilament-200 and counterstained with hematoxylin (C,D), and controls with 

secondary antibody only (E) and blank (F). Note the arising sensory neuron supplying 

the corpuscle from the dermis (black arrows). 
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Merkel cells were not observed with H&E staining alone. Immunostaining for CK20, 

which stains specifically for Merkel cells in mice (Moll et al., 1995) revealed these receptors in 

both the hair follicles and the glabrous skin (Figure 10). Specifically, Merkel cells were found 

(from posterior to anterior) in the heel hair follicles, glabrous plantar metatarsal skin, glabrous 

footpad skin, ridged glabrous plantar skin, plantar hair follicles, glabrous plantar digit skin and 

digit hair follicles (Figure 7C, 10). In the skin, Merkel cells were found exclusively in the stratum 

basale of the epidermis. In areas where dermal papillae were present, Merkel cells were found only 

in the epidermal ridges (Figure 10A,G,H,I). In regions where hair follicles are present, Merkel 

cells were found in the bulge and outer root sheath of the hair follicle but not present in the adjacent 

skin (Figure 10D,E). Non-specific, light brown staining was observed in the stratum corneum, 

muscle, sweat glands and connective tissue for both NF200 and CK20 slides; however, dark brown 

staining of the antigens of interest were easily distinguishable from adjacent non-specific staining 

(Figure 9C,D,E,F and Figure 10). 
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Figure 10: Light microscopy images of 

Merkel cells (black arrows) in the 

glabrous and hairy hind paw skin. 

Clustered (A,D,G) or single (B,E,H,I,J) 

Merkel cells in the glabrous plantar skin 

(A,B) or hair follicles (D,E) of the digit, 

the glabrous footpad skin (G,H), the 

ridged glabrous plantar skin between 

foot pads two and three (I), and the 

glabrous plantar metatarsal skin (J). 

Controls of the glabrous plantar skin 

(C) and hair follicles of the digit (F) 

with secondary antibody only. Sagittal 

sections (8μm) immunostained for 

cytokeratin 20 and counterstained with 

hematoxylin. 
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Merkel cells were organized as clusters (a cell or two apart) of two, three, four or five cells 

(Figure 10A,D,G), or as single cells (Figure 10B,E,H,I,J, Table 4). The hind paw of the WT mouse 

contained more than 4 times more Merkel cells compared to the itga1-null mouse (Table 4). In the 

WT mouse, there were 1.4 times more Merkel cells organized as clusters (1498) than there were 

single cells (1089). In contrast, there was an approximate 1:1 ratio of clustered cells (292) to single 

cells (299) in the itga1-null mouse. There were many regions of the WT mouse hind paw 

containing clusters of Merkel cells that did not involve clusters in the itga1-null mouse including 

the glabrous plantar skin of digits 1, 3, 5, the hair follicles of digits 3 and 5 and footpads 5 and 6, 

and the ridged plantar hair follicles between footpads. In both the WT and itga1-null mouse, the 

vast majority of clustered Merkel cells (66% WT, 70% itga1-null) were seen in the digit hair 

follicles (580 WT, 98 itga1-null) and the footpad skin (404 WT, 106 itga1-null) and of the four 

cluster sizes, most Merkel cells presented as two cell clusters. More specifically, in both the WT 

and the itga1-null mouse the greatest number of clustered Merkel cells were observed in the digit 

4 hair follicles (208 WT, 66 itga1-null) and footpad 1 (124 WT, 78 itga1-null). In a similar manner, 

the majority of single Merkel cells in both the WT (68%) and itga1-null (61%) mouse were 

observed in footpad skin (432 WT, 110 itga1-null) and digit hair follicles (307 WT, 113 itga1-

null). Specifically, the greatest number of single Merkel cells were observed in the hair follicles 

of digit 4 (146) and 3 (34) for the WT and itga1-null hind paw respectively and in footpad 1 (135) 

and 6 (38) for WT and itga1-null mouse respectively.  
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 Table 4: Number of Merkel cells counted in various regions of the hind paw observed alone or as clusters of 2, 3, 4, or 5 cells 

in wild type and itga1-null mice (n=2).  

Values are the number of Merkel cells in each category and numbers in brackets indicate the number of clusters. Table is 

overlaid with a heat map as defined by the legend, with warmer colors representing larger numbers of Merkel cells.  
 

Hind paw skin 

regions 

Digit or 

footpad 

number 

Wild Type Itga1-null 

Single 
Clusters of 

Single 
Clusters of 

2 3 4 5 Total 2 3 4 5 Total 

 

 

Digit glabrous 

 

1 56 16 (8) 33 (11) 0 (0) 40 (8) 89 11 0 (0) 0 (0) 0 (0) 0 (0) 0 

2 83 0 (0) 0 (0) 0 (0) 40 (8) 40 15 8 (4) 0 (0) 0 (0) 0 (0) 8 

3 41 22 (11) 0 (0) 0 (0) 0 (0) 22 0 0 (0) 0 (0) 0 (0) 0 (0) 0 

4 8 22 (11) 12 (4) 0 (0) 0 (0) 34 8 22 (11) 0 (0) 0 (0) 0 (0) 22 

5 4 30 (15) 24 (8) 0 (0) 0 (0) 54 0 0 (0) 0 (0) 0 (0) 0 (0) 0 

 

Digit hair 

follicles 

1 19 16 (8) 0 (0) 0 (0) 0 (0) 16 26 8 (4) 12 (4) 0 (0) 0 (0) 20 

2 26 38 (19) 45 (15) 0 (0) 0 (0) 83 11 0 (0) 12 (4) 0 (0) 0 (0) 12 

3 86 82 (41) 69 (23) 0 (0) 0 (0) 151 34 0 (0) 0 (0) 0 (0) 0 (0) 0 

4 146 98 (49) 78 (26) 32 (8) 0 (0) 208 23 22 (11) 12 (4) 32 (8) 0 (0) 66 

5 30 38 (19) 24 (8) 60 (15) 0 (0) 122 19 0 (0) 0 (0) 0 (0) 0 (0) 0 

 

 

Footpad 

1 135 60 (30) 24 (8) 0 (0) 40 (8) 124 15 22 (11) 12 (4) 44 (11) 0 (0) 78 

2 15 22 (11) 12 (4) 0 (0) 0 (0) 34 4 8 (4) 0 (0) 0 (0) 0 (0) 8 

3 60 22 (11) 0 (0) 32 (8) 0 (0) 114 19 8 (4) 0 (0) 0 (0) 0 (0) 8 

4 64 46 (23) 24 (8) 0 (0) 0 (0) 70 26 0 (0) 12 (4) 0 (0) 0 (0) 12 

5 90 52 (26) 24 (8) 0 (0) 0 (0) 76 8 0 (0) 0 (0) 0 (0) 0 (0) 0 

6 68 46 (23) 0 (0) 0 (0) 0 (0) 46 38 0 (0) 0 (0) 0 (0) 0 (0) 0 

Ridged plantar 

hair follicles 
N/A 23 30 (15) 24 (8) 32 (8) 0 (0) 86 11 0 (0) 0 (0) 0 (0) 0 (0) 0 

Ridged plantar 

glabrous skin 
N/A 30 22 (11) 24 (8) 32 (8) 0 (0) 78 4 22 (11) 12 (4) 0 (0) 0 (0) 34 

Plantar meta-

tarsal skin 
N/A 64 16 (8) 0 (0) 0 (0) 0 (0) 16 23 0 (0) 12 (4) 0 (0) 0 (0) 12 

Heel hair 

follicles 
N/A 41 38 (19) 57 (19) 0 (0) 0 (0) 95 4 0 (0) 12 (4) 0 (0) 0 (0) 12 

Number of 

Merkel Cells 

 ≥ 100 

 80 - 99 

 60 - 79 

 40 - 59 

 20 - 39 

 1-19 

 0 
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3.3.3 Density of Mechanoreceptors in the Footpads  

 Footpad location (Figure 7A) had a significant effect on footpad surface area (p<0.001, 

Figure 11A). The surface area of footpad one (0.24 ± 0.01 mm2) and footpad five (1.72 ± 0.11 

mm2) was smaller and larger, respectively, than all other footpads (p<0.01). Footpads 2, 3, 4, and 

6 were similar in surface area (Figure 11A). There was no effect of genotype or sex on footpad 

surface area. The density of Merkel cells in the footpads was on average two times greater in the 

WT (98.92 ± 44.83 mm-2) compared to the itga1-null (48.72 ± 33.99 mm-2) mouse (Figure 11B). 

The density of Merkel cells in footpad one was at least three or nine times greater than all other 

footpads in the WT or itga1-null mouse, respectively (Figure 11B). Statistical analysis for Merkel 

cell data was not performed due to the small sample size (n=2 mice), and thus differences were 

not statistically significant. 
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Figure 11: (A) Surface area (n=16), (B) Merkel cell density (n=2), and (C,D) Meissner 

corpuscle density across footpads one to six (n=16).  

Merkel cell density (statistical analysis not performed) is further compared between genotypes 

(wild type, itga1-null) (B) and Meissner corpuscle density between genotypes and sexes (female 

(C), male (D)). Values are means with standard error bars. a Different from all other footpads 

(p<0.01). b Different from foot pads 1,3,4 (p<0.05). c Different from foot pads 1,3,4 (p<0.05) 

except foot pad 4 equivalent and different from foot pad 5 equivalent. * Different from genotype 

equivalents (p<0.01). 
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Meissner corpuscle and Merkel cell densities were comparable across footpads two to six, 

however in footpad one Merkel cell density (WT=312.73 mm-2, itga1-null= 217.66 mm-2) was two 

to three times greater than Meissner corpuscle density (WT= 99.58 ± 10.73 mm-2, itga1-null=93.90 

± 11.12 mm-2) (Figure 11B,C,D). A three-way interaction between footpad number, sex and 

genotype was evident for Meissner corpuscle density (p=0.022). A greater Meissner corpuscle 

density was observed in footpads 1, 3, 4 compared to footpads 2, 5, 6 (p<0.05, Figure 11C,D). 

Interestingly, a genotype effect was observed in footpads 3 and 4 of male mice, where itga1-null 

mice had a significantly greater Meissner density (footpad 3=114.59 ± 14.41 mm-2, footpad 

4=84.88 ± 14.14 mm-2) than their WT counterparts (footpad 3=75.40 ± 14.40 mm-2, footpad 

4=72.04 ± 14.14 mm-2) (Figure 11D).  

3.3.4 Mechanoreceptor Count in the Digits 

 On average, the number of Merkel cells in the digits of the WT mouse was more than seven 

times greater than the itga1-null mouse (WT=84.75 ± 19.65 digit-1, itga1-null=11.25 ± 5.03 digit-

1, Figure 12A). In the WT mouse, digits one and two had at least twice as many Merkel cells than 

the other digits. In complete contrast, digit one of the itga1-null mouse had approximately half the 

number of Merkel cells compared with digits two and four, while no Merkel cells at all were 

observed on digits three and five (Figure 12A). Digit significantly influenced Meissner’s corpuscle 

number (p<0.05), with the number of Meissner’s corpuscles in digit five being larger than digits 

one, three and four (Figure 12B). Genotype and sex had no effect on the number of Meissner’s 

corpuscles in the digits. Overall, the number of Merkel cells (48.00 ± 9.57 digit-1) were on average 
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3.6 times greater than the number of Meissner’s corpuscles (13.27 ± 1.56 digit-1) in the digits. 

Importantly, due to the small sample size (n=2 mice), differences in Merkel cell data were not 

statistically significant. 
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Figure 12: (A) Merkel cell (n=2) and (B) Meissner corpuscles count in the glabrous skin 

of digits 1 to 5 (n=16).  

Statistical analysis was not performed for (A). Values are means with standard error bars 

(B). a Different from digit 5 (p<0.05). b Different from digit 3 (p<0.05). c Different from 

digits 1,3,4 but not 2. 
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3.3.5 Behavioural Testing 

 No significant effects of genotype or sex were found for the ramping Von Frey, cotton 

swab, and cold plate assays (Figure 13A,B,C). For static Von Frey, a main effect of Von Frey hair 

force (p<0.001) and genotype (p=0.026) were observed. Wild type and itga1-null mice 

demonstrate a similar threshold of response to Von Frey stimulus between 1.3 and 1.8g, with both 

genotypes responding to forces between 1.8g and 7.5g (Figure 13A). At forces 1.8g or higher, WT 

mice were consistently more responsive than itga1-null mice, although this genotype effect only 

reached statistical significance at 1.8g (p=0.04) and 2.4g (p=0.027) (Figure 14A). Although not 

reaching statistical significance, females were consistently more responsive than males at forces 

1.8g and higher (Figure 13D). For the hot plate assay, a sex effect was observed (p=0.01) with 

males (19.85 ± 1.07 s) staying on the hot plate 4 seconds longer than females (15.84 ± 1.07 s) 

(Figure 14B). 
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Figure 13: Behavioural responses to ramping Von Frey, cotton swab, cold plate and static Von 

Frey assays for female and male mice (n=60). 

(A) Average force at which a response is recorded for ramping Von Frey, (B) percent response 

from cotton swab assay and (C) time spent on cold plate between male and female, itga1-null 

and wild type mice. (D) Percent response across static Von Frey hair forces for female and male 

mice, note trend of higher responses in females at 1.8g and higher. All results were statistically 

insignificant (p>0.05). Values are means ± 95%CI. 
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Figure 14: Percent response to static Von Frey in wild type and itga1-null mice and hot plate 

responses between female and male mice (n=60). 

(A) Percent response across Von Frey hair forces for wild type and itga1-null mice. Percent 

response is less at 0.8 and 1.3g compared to all larger Von Frey hair forces (p<0.001). Values 

are means ± 95%CI. *Different from their genotype equivalents (p<0.05). Stimulation of the 

plantar hind paw (left and right) was not limited to one area, responses were averaged. (B) Time 

spent on a hot plate for male and female mice (genotypes combined). Males spent approximately 

4s longer than females on the hot plate before eliciting a response (p=0.01). 

 

3.3.6 Footfall Analysis 

  High speed video capture for slow motion analysis of uninterrupted normal walking 

revealed similar footfall patterns between WT and itga1-null mice (Figure 15). A single mouse 

footfall lasted 120-150ms. For the WT mouse, contact with the ground began with digits 1 and 5, 

and for the itga1-null mouse, contact with the ground began with digits 1, 2 and 5. Within 25ms 

of this initial touch, the remaining digits (splayed medio-laterally) and the entire plantar surface of 

the foot of both WT and itga1-null mice touched the ground. Lift off for both mice began 40-60ms 

later with the heel, then the metatarsals, then digits 1 and 5, and finally digits 2, 3, 4 (Figure 15). 
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Figure 15: Mouse footfall analysis. 

Isolated frames from a right hind paw footfall during an uninterrupted stride of normal walking 

by a wild type (WT) and integrin α1-null (itgα1-null) female mouse (n=12).  

Numbers above the images indicate frame number. Note how digits are splayed throughout 

footfall and that contact begins with digits 1 and 5 (and 2 for α1-null), followed quickly by the 

entire plantar surface. The heel and then the metatarsals are lifted, followed by digits 1 and 5, 

and finally digits 2, 3, and 4. Scale bar 5mm, video capture at 240fps, 720ppi. 

 

3.4 Discussion 

 The purpose of this study was to determine and compare the distribution of 

mechanoreceptors, the mechanosensitivity and footfall pattern of the hind paws of itga1-null and 

WT mice. Consistent with our hypothesis and previous studies, Merkel cells and Meissner’s 

corpuscles were present in the mouse hind paw skin, however Ruffini endings were not found 

(Albuerne et al., 2000; Fleming and Luo, 2013; Zelená, 1994). Inconsistent with our hypothesis 

however, Pacinian corpuscles were also not observed in the mouse hind paw skin. Meissner’s 

corpuscles were found in the bulb of the dermal papillae close to the skin surface whereas Merkel 

cells were localized in the stratum basale of the epidermal ridges, at the base of the dermal papillae 
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and deep relative to the stratum corneum. The contrasting depth of these mechanoreceptor 

locations relative to the outer skin surface may be critical to their function. For example, 

Meissner’s corpuscles are known to be the most sensitive mechanoreceptors to light touch and 

shear forces, allowing them to sense skin indentations of less than 10µm (Fleming and Luo, 2013) 

and to give feedback regarding grip and slip (Piccinin and Schwartz, 2018). It is likely that such 

minute indentations are only detectable by the Meissner’s corpuscles in the first 40-80µm of 

footpad or toe tip epidermis and may be dissipated at depths >100µm where the Merkel cells reside. 

Despite their contrasting locations at the bulb and base of the dermal papillae, both Meissner’s 

corpuscles and Merkel cells are in close proximity to the stratum basale and thus may interact with 

integrin ⍺1β1 also expressed there; Meissner’s corpuscles being tethered to the stratum basale by 

collagen fibres and Merkel cells residing directly in the stratum basale itself (Piccinin and 

Schwartz, 2018).  

 Merkel cells are sensitive to sustained skin indentation (Lowrey et al., 2013) and are critical 

for detecting high acuity touch, sensitivity to edges, curvatures and changes in texture (Fleming 

and Luo, 2013). In the mouse hind paw, Merkel cells were most often found in clusters of up to 

five cells, often referred to as touch domes (Niu et al., 2014), rather than alone like the Meissner 

corpuscles. Furthermore, the majority of these Merkel clusters were located in the glabrous footpad 

skin and digit hair follicles. These observations may suggest that clustering of Merkel cells is 

necessary for, and the footpads and digit hair follicles most involved in, enabling the mouse to 

distinguish textural and pinpoint spatial changes under their feet during sustained foot contact. It 
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is also possible that Merkel cells play a role in neuroendocrine functions, as they contain dense 

core vesicles that stain positively for neuropeptides, participating in tissue homeostasis, cell 

growth, and regeneration (Boulais et al., 2009; Maksimovic et al., 2013). This is particularly the 

case for non-innervated Merkel cells found in human hair follicles (Narisawa et al., 1994), 

however, this must be confirmed by future studies in mice to investigate the association of Merkel 

cells in the hair follicles with afferent sensory neurons.  

 Confirming previous histological and micrographic studies (human, mouse, raccoon) and 

our hypothesis, we did not identify Ruffini-like structures in the mouse hind paw (Rice and 

Rasmusson, 2000; Wellnitz et al., 2010). Interestingly, SAII responses have been recorded by 

electrophysiological approaches in both the hairy and glabrous hind paw skin (Walcher et al., 

2018; Wellnitz et al., 2010). Together these findings may suggest that other, as yet unidentified, 

sensory receptors may be in place to transduce SAII responses in the mouse hind paw. Contrary to 

our hypothesis, Pacinian corpuscles were also not found in the mouse hind paw. Others have 

reported Pacinian corpuscles in the forelimb phalanges, radius, ulna, fibula, tibia and interosseous 

membranes (Prsa et al., 2019; Šedý et al., 2004; Zelena, 1978). It is possible that our sampling 

approach (every third slide or 88µm) was insufficient to locate these receptors that are few in 

number and of a similar diameter (~50µm) (Prsa et al., 2019) to our sampling rate. Since the intact 

hind paw was isolated from the tibia and fibula in our study, an alternative explanation could be 

that Pacinian corpuscles are not located close to the hind paw tarsals, metatarsals and phalanges, 
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and as such these bones play a less significant role in the sensation of vibrations of the lower limb 

compared to the fibula and tibia (Hunt, 1961).    

 Using an in vivo approach, Cain et al. (2001) found RA and SA afferent responses in the 

digits, footpads and plantar surface with a larger proportion of RA (71%) responses compared to 

SA (29%). In our study, we confirmed that Merkel cells, associated with SA1 afferents, are present 

but not limited to these three regions; they are also present in hair follicles of the digit, ridged 

plantar skin and heel. Despite the presence of RA afferent responses in the plantar skin, our study 

found that Meissner’s corpuscles, associated with RA1 afferents, are located exclusively in the 

footpads and tip of the digit skin. Moreover, our results showed a greater number of Merkel cells 

than Meissner’s corpuscles in the digits and footpad 1, whereas afferent recordings would suggest 

a larger proportion of the Meissner’s corpuscles in the digits, footpads and plantar surface (Cain 

et al., 2001). Thus, this mismatch between neural recordings and histological findings suggests 

other sensory organs may be in place to transduce mechanical stimuli. Moreover, using an ex vivo 

skin nerve preparation, Walcher et al. (2018) measured single-unit receptive field centers across 

the entire expanse of the hind paw hairy and glabrous skin, with notably more responses in the 

glabrous than hairy hind paw skin. Our findings complement these results by revealing the specific 

locations in the hind paw where Meissner’s corpuscles and Merkel cells are found. Meissner’s 

corpuscles are located exclusively in the glabrous footpad and tip of the digit skin, suggesting that 

grip or slip feedback are imperative in these regions (Piccinin and Schwartz, 2018). In contrast, 

Merkel cells were found across various regions of the glabrous and hairy hind paw suggesting that 
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detection of edges, curves and textural changes involves all regions of the foot, including the hair 

follicles. The presence of Merkel cells across the entire length of the glabrous plantar skin of the 

hind paw further supports their role in detecting sustained skin indentation and changes in center 

of pressure (Lowrey et al., 2013). 

 We observed the highest density of Merkel cells across footpad 1 and the highest density 

of Meissner corpuscles across footpads 1,3 and 4, located in the posterior (footpad 1) and anterior 

(footpads 3 and 4) regions of the hind paw (Figure 16).  

 
Figure 16: Heat map representing mechanoreceptor count in the digits (digit-1) or density in the 

footpads (mm-2) of wild type and itga1-null mice.  

Digit and footpad numbers indicated on the left-most hind paw. Note greater mechanoreceptor 

density in footpads 1,3,4 compared to 2,5,6, and greater mechanoreceptor count in digits 1,2,5 

compared to 3,4. (Merkel cell data n=2, Meissner’s corpuscle data n=16) 
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Additionally, there were more Merkel cells in digits 1 and 2 and Meissner’s corpuscles in digits 2 

and 5 compared to the other digits (Figure 16). This contrasts the expected anterolateral 

distribution thought to parallel the larger proportion of afferent responses measured in the 

anterolateral regions of the human foot sole (Strzalkowski et al., 2018). This discrepancy may be 

explained by the differences in stance and footfall patterns between humans and mice. The human 

foot contacts the ground with the heel first, followed by the lateral arch then the digits. Thus 

increased mechanosensitivity in the anterolateral foot would provide more feedback in these areas 

to keep the body from falling sideways or forward (Strzalkowski et al., 2018). In contrast, our 

footfall analysis reveals that mice initially contact the ground with the tips of digits 1,2 and 5, 

followed rapidly by the entire plantar surface of the foot with the digits splayed apart. After 40-

60ms of contact the mouse then lifts its foot starting from the posterior and moving to the most 

anterior regions, with digits 2, 3 and 4 being the last to leave the ground. The large numbers of 

Merkel cells and Meissner corpuscles in digits 1,2 and 5 likely mediate balance during the initial 

contact phase between the hind paw and the ground (Figure 11,12). In contrast, the increased 

density of Merkel cells and Meissner’s corpuscles in footpads 1, 3 and 4 may suggest their 

importance in mediating removal of the foot from the ground starting posteriorly and ending 

anteriorly (Figure 11,12). In particular, the high density of Merkel cells in the smallest and most 

posterior footpad one suggests that these receptors may be important in providing feedback of 

changes in center of pressure during the start of lift off. Additionally, based on daily observations 

in our lab, the mouse is constantly maneuvering between its walking position, with all four limbs 

in contact with the ground, and its sitting position, where the forepaws are lifted, and the center of 
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mass moves backwards between the hind paws. This could further explain the large density of both 

Merkel cells and Meissner corpuscles in the anteroposterior footpads and a potential role in 

keeping the mouse from falling backwards during sitting positions and to mediate its transition 

from sitting to leaning forward and walking on four limbs. 

 Our results support a role for integrin α1β1 in Merkel cell but not Meissner’s corpuscle 

presence and function. Contrary to our hypothesis, the density and number of Merkel cells in itga1-

null mice was approximately 75% less than WT mice in both the glabrous footpad and digit skin, 

with no differences in the density and number of Meissner’s corpuscle. Clustered groups of Merkel 

cells were also observed less frequently in itga1-null compared to WT mice. These results were 

supported by the behavioral assays that revealed a reduced sensitivity of itga1-null mice to the 

static Von Frey test between 1.8 and 7.5g of force (although only reaching statistical significance 

at 1.8 and 2.4g), though no differences in response thresholds between the genotypes as tested 

using the ramping Von Frey assay. Our findings are similar to those of a previous study using 

Piezo2-deficient mice, which rendered both Merkel cells and Meissner’s corpuscles non-

functional (Ranade et al., 2014). Ranade et al. report no difference in response thresholds between 

the genotypes, but reduced sensitivity of the Piezo2-deficient mice to static Von Frey tests between 

1 and 3g of applied force. 

 It is possible that the decreased sensitivity of itga1-null mice to static skin indentation 

results from the dramatic reduction in the number of Merkel cells across the itga1-null compared 

to WT hind paw. An alternate hypothesis could be that the function of the Merkel cells in the itga1-
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null mouse is compromised. One mechanism of compromised function might be disrupted Merkel 

cell adhesion to surrounding keratinocytes and extracellular matrix, causing functional differences 

in mechanotransduction. However, if this were the case, we might also expect genotypic 

differences in the function of Meissner’s corpuscles that are tethered to the stratum basale by 

collagen fibers. Meissner’s corpuscle function was not compromised in our study, as demonstrated 

by the lack of genotypic differences in the cotton swab assay, suggesting a limited role for integrin 

⍺1β1 in Meissner corpuscle function. 

The hot plate assay showed no genotype differences, however males were able to endure 

longer exposure to the hot plate than females. This suggests that itga1-null mice are able to respond 

normally to noxious heat stimuli. Moreover, this greater heat tolerance in males compared to 

females could be explained by skin thickness differences, where the dermis in males is thicker 

compared to females (Wong et al., 2011). This is further supported by a previous study which 

found that mice exposed to heat were found to have a thicker dermis and epidermis (Monte-Alto-

Costa and Anacleto dos Anjos, 2019).   

Our study presents several limitations. Firstly, to determine mechanoreceptor distribution, 

approximately 130 slides (4 sections each) were obtained per hind paw (n=16 mice), or a total of 

2080 slides (8320 sections). It would be ideal to count and analyze all sections obtained however 

due to the large number of slides, our need to perform two additional IHC procedures on the same 

samples, and to avoid double counting of the same receptor seen over two or three consecutive 

sections; we chose to count Meissner’s corpuscles on 1 section per stained slide. As a result, this 
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required extrapolation of the number of Meissner’s corpuscles over two slides, which may not 

accurately represent those sections that were not analyzed.  

Secondly, we chose to limit the identification of Merkel cells using IHC to two female mice 

(one WT, one itga1-null). The process of immunostaining was performed manually with each run 

limited to 8 slides to ensure consistency and requiring two days of labor. To this end, we stained a 

total of 86 slides (344 sections) to enable visualization of Merkel cells on two mice. Furthermore, 

identification of Merkel cells was considerably more demanding than identification of Meissner’s 

corpuscles as these cells were present in many regions across the hind paw. Consequently, our 

Merkel cell data does not qualify for statistical analysis and conclusions drawn from these data 

must be confirmed in future studies with a larger sample size. 

For the footfall analysis, the position of the camera could not be standardized because its focus 

needed constant manual adjustment as the mouse moved across the glass plate. In this study 

however, we were only interested in the chronological order in which the different regions of the 

hind paw contacted the ground; thus, obtaining a well-focused video was sufficient. 

Lastly, due to the ubiquitous deletion of integrin ⍺1β1 in itga1-null mice, there is a possibility 

that differences in mechanoreceptor expression and distribution are influenced by other neural 

tissues that also express integrin ⍺1β1, such as mature non-myelin forming cells of the autonomic 

nervous system and neurons of the retina (Gardner, 2014; Stewart et al., 1997). Integrin ⍺1β1 is 

present at very low levels in myelin-forming cells such as those of the somatic nervous system and 
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thus, these effects on mechano-sensation and transduction of the mouse hind paw are unclear and 

warrant further investigation.   

In conclusion, we compared the morphological distribution of mechanoreceptors across the 

hind paw skin of itga1-null and WT mice. Merkel cells and Meissner’s corpuscles were present, 

however Ruffini endings and Pacinian corpuscles were not observed. Meissner’s corpuscles were 

located exclusively in the glabrous footpad and tip of the digit skin however Merkel cells were 

found in all regions of the hind paw in both hairy and glabrous skin. The increased density of 

Meissner’s corpuscles and Merkel cells in footpads 1, 3, and 4 suggests that these are important 

hind paw regions for mediating anteroposterior balance, while mechanoreceptor concentrations in 

digits 1, 2 and 5 support their role in mediolateral balance during footfall. The number and function 

of Merkel cells but not Meissner’s corpuscles were dampened in itga1-null mice compared to 

controls, suggesting an important role for integrin α1β1 in mechanosensation of the hind paw. 
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Chapter 4: Summary, Limitations and Future Directions 

 

4.1 Summary 

The purpose of this thesis was to develop a protocol for serial histological sectioning of the 

intact mouse hind paw. To this end mouse hind paw dissection, tissue preparation, chemical 

processing, sectioning and staining were successfully optimized to enable systematic histological 

sectioning and visualisation of mechanoreceptors across the plantar surface. These methods were 

then applied to determine and compare mechanoreceptor distribution across the hind paws of 

itga1-null and wild type mice. Merkel cells and Meissner’s corpuscles were found in the hind paw, 

while Ruffini endings and Pacinian corpuscles were not. Meissner’s corpuscles were located 

exclusively in the glabrous footpad and tip of the digit skin while Merkel cells were found in all 

regions of the hind paw in both hairy and glabrous skin. Contrary to our hypothesis, an increased 

density of Meissner’s corpuscles and Merkel cells was evident in footpads 1, 3, and 4 

(anteroposterior) and digits 1, 2 and 5 (mediolateral) rather than the anterolateral hind paw. 

Increased mechanoreceptor density across footpads 1, 3, and 4 may suggest that these are 

important regions for mediating anteroposterior balance, while larger mechanoreceptor 

concentrations in digits 1, 2 and 5 support their role in mediolateral balance during the planting 

phase of footfall. Also contrary to our hypothesis, integrin α1β1 heightened the number of Merkel 

cells observed but not Meissner corpuscles. Specifically, itga1-null mice had one quarter of the 

number of Merkel cells of wild type mice in the hind paw, and itga1-null mice were less sensitive 
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to static skin indentation at Von Frey hair forces of 1.8g and higher. These results suggest an 

important role for integrin α1β1 in mechanosensation of the hind paw. 

 

4.2 Limitations 

The research presented in this thesis has a number of limitations which are important to 

consider when interpreting and applying the conclusions discussed above. Firstly, we investigated 

mechanoreceptor distribution and function in itga1-null and wild type mice using a mouse model 

with a ubiquitous deletion of itga1. The itga1-null mouse enabled us to study the influence of our 

protein of interest, integrin ⍺1β1, in the in vivo setting, and offers a cost effective animal model 

where the activation and response characteristics of mechanoreceptors are similar to human (Iggo 

and Andres, 1982). The biggest disadvantages of this animal model for use in our study however 

lie in the differences between the stance and gait of humans versus mice. Quadrupedalism of mice 

and bipedalism of humans result in differences in weight bearing, sense of balance and center of 

mass which are known to influence the distribution of mechanoreceptors in humans (Inglis et al., 

2002). From our observations, mice are also more digitigrade and humans more plantigrade; thus, 

the long periods of time mice spend walking on their anterior hind paw is also likely to contribute 

to differences in weight bearing and thus, influence mechanoreceptor distribution (Inglis et al., 

2002). Anatomically, the metatarsal and phalangeal bones comprise the majority (70%) of the 

length of a mouse hind paw but only half the length of a human foot. The first metatarsal is notably 

thicker but similar in length compared to other metatarsals in the human, while in the mouse, the 
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second, third and fourth metatarsals are thicker and noticeably longer than the first and fifth 

metatarsals. Furthermore, the six foot pads across the mouse plantar surface are absent on human 

feet. Together, these differences require careful consideration when applying the findings of our 

study to the human foot sole.  

It is also important to note that the itga1-null mouse model employed in this study carries a 

ubiquitous deletion of integrin ⍺1β1. Integrin ⍺1β1 is widely expressed throughout the body, 

including smooth muscle, connective tissues, vascular tissues and the kidneys (Gardner, 2014). 

Important to our study, integrin ⍺1β1 is found in the nervous system, where it is expressed in non-

myelin forming cells of the autonomic nervous system, neurons of the retina, and at very low levels 

in myelin forming cells of the somatic nervous system (Gardner, 2014; Stewart et al., 1997). The 

interactions between these affected tissue types and neural cells in the hind paw is unclear, however 

the possibility of their influence on mechanoreceptor distribution and function in our study cannot 

be ignored. 

The sampling methods employed in this study must also be carefully considered when 

interpreting the data. Although serial sectioning of the mouse hind paw was performed, collecting 

every single section cut from a 6mm thick tissue sample is very challenging. In this study, 

approximately 95% of the sections were obtained for analysis, thus the surface area of footpads 

and the number of mechanoreceptors reported may be somewhat under-represented. However, this 

‘loss’ of sections was not localized to one region of the hind paw, rather it was distributed across 

the entire foot and therefore the analyzed sections remain representative of the entire hind paw. 
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Furthermore, because we wanted to investigate both Meissner’s corpuscles and Merkel cells, we 

could only image every third slide and analyse two of the four sections on that slide. Due to these 

limitations in sampling, the total number of Meissner’s corpuscles and Merkel cells across the hind 

paw were extrapolated using multiplication factors of 3 and 7.5 respectively. It is possible that 

these estimations may not accurately represent sections that were not analyzed, especially in the 

case of the smaller Merkel cells that required the larger multiplication factor. The Meissner’s 

corpuscles could be visualised following H&E staining performed using an automated staining 

machine and were easily identified and counted in their two distinct locations – glabrous footpads 

and tips of the glabrous digit skin. Thus, Meissner’s corpuscle data was obtained from 16 hind 

paws. Merkel cells, however, were visualised using antigen retrieval and IHC for cytokeratin 20 

that had to be performed by hand, and the Merkel cells were located in all regions of the hind paw. 

Consequently, Merkel cell analysis was only conducted on two female mice, one WT and one 

itga1-null, which constituted 344 sections. Consequently, the Merkel cell data was inadequate for 

statistical analysis, however the magnitude of differences reported between the WT and itag1-null 

mouse warrants further investigation and additional analysis. 

 

4.3 Future Directions  

The limitations to the research presented in this thesis can be addressed in a number of ways 

in future studies. First, additional IHC could be performed on the hind paws of the three WT and 

three itga1-null female mice that have been sectioned to enable Merkel cell visualisation. This will 
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provide stronger, statistically tested evidence for the influence of integrin ⍺1β1 on Merkel cell 

expression across the hind paw. 

For additional insight into the role of integrin ⍺1β1 in mechanoreceptor expression and 

function, the development of a tissue specific itga1-null mouse would remove potential effects of 

other tissue types on mechanoreceptor expression in the hind paw skin. This could be achieved 

using the Cre-lox recombination system (McLellan et al., 2017). To our knowledge, the itga1flox/flox 

mouse is not currently available, and thus would need to be generated as a first step. This mouse 

could then be crossed with the Advil-creERT2 mouse to localize deletion of integrin ⍺1β1 where 

advillin is expressed in the dorsal root ganglia, peripheral sensory neurons and epidermal Merkel 

cells (Haeberle et al., 2004; Ranade et al., 2014), or with the KRT14-cre/ERT mouse to localize 

deletion to the epidermis where keratin-14 (KRT14) is expressed in keratinocytes (Croyle et al., 

2011; Ezratty et al., 2011; Vasioukhin et al., 1999). In both of these Cre expressing mice, the Cre 

recombinase is controlled by tamoxifen injection and would thus allow for normal birth and 

development of the mouse prior to itga1 deletion. 

In addition to the study of gene specific deletion in the in vivo setting, mouse models could 

be further harnessed, and our mechanoreceptor histological analyses applied, to study disease 

states thought to influence mechanosensation in the hind paw. One example would be diabetes 

where peripheral diabetic neuropathy characterized by a progressive degeneration of peripheral 

nerves in the distal to proximal direction is one of the earliest and major complications. It manifests 

as pain, weakness and an eventual loss of sensation that often results in major lower extremity 
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amputations, increasing the risks of microvascular diseases and infections (De Gregorio et al., 

2018; Shatnawi et al., 2018). Evidence suggests that altered mechanoreceptor thresholds contribute 

to impaired sensitivity in diabetic patients (Mizobuchi et al., 2002) and diabetic skin biopsies show 

denervation of the epidermis and scattered, disorganized neuronal bundles morphologically (Shun 

et al., 2004). Numerous diabetic mouse models are available to study mechanoreceptor expression 

under these conditions, including a spontaneous type 2 diabetes transgenic mouse line (De 

Gregorio et al., 2018; O’Brien et al., 2014; Ras and Nava, 1986) and streptozotocin-induced 

diabetic mice, a drug toxic to pancreatic β cells as in type 1 diabetes. Considerations for onset of 

disease development, neuropathy phenotype, and disease factors are imperative when selecting an 

appropriate diabetic mouse model (O’Brien et al., 2014). Applying our histological and 

behavioural techniques to these mouse models of diabetes would provide further insight into the 

effects of this debilitating disease on mechanoreceptor expression and function.  

Finally, as previously discussed, the mouse model presents a number of locomotor and 

anatomical differences from humans and therefore future studies could also consider obtaining 

skin biopsies from human cadavers prior to normal embalming procedures. These biopsies could 

then be immediately submerged in fixative and processed separately to ensure thorough perfusion 

of reagents and thus preservation of the tissues. Such a procedure would require the consent of 

both the Research Ethics Board of the University of Guelph, and donors and/or their families. Such 

a study could be possible through strong collaboration with the Human Anatomy program at the 

University of Guelph.
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APPENDICES 

 

Appendix A: Serial histological sectioning of intact mouse hind paws 

Materials & reagents required: 

• Electronic weight scale 

• 1mL syringe (Fisher Scientific, B309659) 

• 25-gauge needle (Fisher Scientific, 14-826AA) 

• Scalpel handle  

• Isoflurane 

• Tissue forceps 

• Surgical scissors 

• Feather stainless steel 11 scalpel blade (VWR, 21899-530) 

• Dissection microscope (Leica M60, Leica Microsystems) 

• Gauze (VWR, CA95041-744) 

• Cassettes (Simport, M515-3) 

• Nair hair depilator (Shoppers Drug Mart) 

• 4% Paraformaldehyde, pH 7.4 (Fisher Scientific, AC416780010)  

• Cal-Ex™ II decalcifier (Fisher Scientific, CS511-4D) 

• Ammonium oxalate monohydrate (Fisher Scientific, A679-500)  

• Ammonium hydroxide (Fisher Scientific, A669-500) 

• 70%, 90%, 95% and 100% reagent grade ethanols (VWR, 89370-084, mix with deionized 

water)  

• Xylene (Fisher Scientific, BPX3P1GAL)  

• 1:1 Histoplast IM and LP paraffin wax (Fisher Scientific, 22900701 and 22900702) 

• Eosin Stock (10g Eosin Y (Fisher Scientific cat no. E511-25), 1g Phloxine B (Fisher 

Scientific cat no. P387-25), 1000 mL 80% ethanol) 

• Eosin working solution (200mL eosin stock solution, 200mL deionized water, 600mL 

100% ethanol, 5mL glacial acetic acid (Fisher Scientific cat. A38-500)) 

• 1% acid alcohol (HCl in 70% ethanol) 

• 0.2% ammonia water (ammonium hydroxide in deionized water) 

• Modified Harris’ hematoxylin (Fisher Scientific, SH26-500) 

• Cytoseal™ XYL (Thermo Scientific, 8312-4)  

• Automated tissue processor (HistoCore Pearl, Leica Biosystems) 

• Embedding station (Histocore Arcadia, Leica Biosystems) 

• Microtome Blades Teflon (Leica Biosystems, 3802118) 
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• Superfrost Plus Microscope Slides (Fisher Scientific, 12-550-15)  

• Microtome (RM2235, Leica Biosystems) 

• Autostainer (ST5010, Leica Biosystems) 

• Automated coverslipper (CV5030, Leica Biosystems) 

• Microscope Cover Glass (Fisher Scientific, 12-544D) 

 

Skin Dissection: 

1. Remove mouse from the cage and place in a container on an electronic scale to obtain its 

mass.  

2. Using the gas cart, place mouse in a chamber of 4% isoflurane at 1 L/min until it is 

unconscious. Test the mouse for its reflexes by pinching its digits.  

3. Perform cardiac puncture to reduce blood flow during tissue dissection followed by cervical 

dislocation. 

4. Coat the mouse hind paw with Nair and wait approximately 5 minutes, then wash Nair off 

the hind paw with tap water.  

5. Isolate the hind paw by a transverse cut at the articulation of the tibia and the intermedium 

using a razor blade (Figure A.1.). 

6. Trim the nails to the nail bed using surgical scissors. 

7. Remove the dorsal skin by making cuts along the dorsal hind paw and pulling the skin down 

towards the digits (Figure A.2.).  

8. Place the hind paws into corresponding labeled cassettes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.1. The location between the bones at which the scalpel should insert to dislocate 

and isolate the foot (right). Illustration obtained from: 

http://www.informatics.jax.org/cookbook/imageindex.shtml 

http://www.informatics.jax.org/cookbook/imageindex.shtml
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Figure A.2. Red lines indicating where cuts should be 

made to remove the dorsal skin. 

Tissue Processing:  

9. In the fume hood, place cassettes into a container of 4% PFA, ensuring the volume of 4% 

PFA is at least 20x the volume of samples. 

10. Let the container of samples sit on a rocker in the fume hood for 5 to 6 days at room 

temperature (RT), there is no need to change fixative solution throughout this time. 

11. Label individual 15mL tubes for each sample for demineralization. Fill 15mL tubes with Cal-

Ex™ II of at least 20X the volume of each sample.  

12. At the end of 5 to 6 days of fixation, remove hind paws from 4% PFA and place each sample 

into their corresponding labeled Cal-Ex™ II tube using forceps. Keep emptied cassettes 

stored in a separate container.  

13. Leave samples on a rocker at RT for a total of 10 days. Every 2nd day, pour out the old Cal-

Ex™ II solution from each sample tube into a labeled waste container and replace it with 

fresh Cal-Ex™ II solution. Repeat for all samples.  

14. Samples are chemically tested every day. On the 2nd day, prepare 1:1 ammonium oxalate (5g 

into 100mL of dH2O) and ammonium hydroxide (5mL ammonium hydroxide in 95mL 

dH2O) solution. Invert one of the 15mL tubes containing the sample 2 to 3 times. Test if the 

sample has been completely demineralized by taking 5mL of the Cal-Ex™ II solution from 

the sample tube and 10mL of the 1:1 ammonium oxalate/ammonium hydroxide solution and 

pouring the two parts into a separate 15mL tube. This is the test solution for 

demineralization, repeat with 2 other samples to ensure consistent results. After 2 hours (or 

overnight), check if there is any precipitate in the test solution. If white precipitate is present, 

5mm 
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the samples are still decalcifying. Repeat this test every day until the solution turns clear, 

then wait an additional 3 days after the first ‘clear solution’ day, successful results were 

obtained with 10 days of demineralization; thus do not decalcify hind paws for longer than 

10 days and ensure that the solution is still clear on the 10th day.  

15. On the 10th day, place all hind paws back into their respective labeled cassettes. 

16. Wash cassettes inside in a 1L beaker under running tap water for at least 30 minutes. Pour 

out the tap water, then fill beaker with deionized water and leave to sit for 1 hour. 

17. Place all cassettes into the metal basket(s) of the automated tissue processor and begin the 

overnight “Valerie Mouse Feet” protocol following the screen instructions (Table A.1.) 

 

    Table A.1. Overnight automated tissue processing protocol for intact hind paws 

Reagent Time 

4% PFA 5-6h 

70% ethanol 45min 

90% ethanol 45min 

95% ethanol 45min 

100% ethanol x 3 45min x 3 

Xylene x 3 45min x 3 

Paraffin infiltration (62°C) x 3 45min x 3 

 

Embedding: 

18. The next day, when the processing protocol is complete, drain the retort and begin the 

cleaning cycle on the processor. Remove the metal basket(s) from the retort and move 

cassettes into the tissue chamber at the embedding station.  

19. Using forceps, place hind paw with the 5th digit touching the surface of the mold, while 

keeping the sagittal plane of the hind paw parallel to the surface of the mold, dispense 

paraffin wax until the hind paw is covered with wax, move the mold to the small cold plate 

so the hind paw will stay in place as the wax hardens. Continue filling the mold with wax 

until it overflows, then place the cassette on top and continue filling wax until the wax 

reaches the top of the cassette. 

20. Use a pair of warm small forceps to remove any bubbles that may form as you dispense the 

wax.  

21. Let the mold set on the cold plate for 45 min to 1 hour. Ensure the cold plate is not below -

20°C as the paraffin may crack.  
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22. The paraffin should be cold to touch when they are ready and will easily pop out of metal 

mold. Paraffin blocks can be kept at RT for long term storage until sectioning. 

Sectioning: 

23. Prepare 37°C warm water bath. Ensure water does not boil and that there is no residual wax, 

oils or dust in the water bath. It must be no warmer than 37°C as the paraffin may 

disintegrate or antigens in the tissue may be affected. 

24. Prepare a container of shaved ice, gauze, and rubber bands. Shaved ice is to be wrapped 

inside the gauze and secured using a rubber band. To help the ice melt, apply a few drops of 

water onto the gauze. This additional hydration will improve tissue sectioning quality. 

25. Secure cassette onto the microtome. Trim the block at 10μm until you see tissue appear. 

26. Apply shaved ice to the block for approximately 1-2 minutes prior to sectioning to cool and 

hydrate the tissue. Blocks must be cool to prevent wrinkling of sections. As the shaved ice 

melts, it will also help hydrate the tissue if it is dry or appearing to crumble. This is critical 

for mouse hind paws as dryness may be apparent. Repeat this step as needed (reapplication is 

recommended for 1 minute per 8-10 sections). 

27. Section at 8μm. Use a small paintbrush to help guide the ribboning. 

28. Transfer sections into the 37°C water bath using forceps. Separate ribbon into 4 section-

groups (each microscope slide will have 4 sections). 

29. Dip microscope slides into water bath under the samples and lift up at a 45° angle.  

30. Place microscope slides onto the slide drying rack to let any water between the wax and the 

slide flow out. Ensure slides are completely dry before staining or immunohistochemistry. 

 

Histological Staining and Coverslip: 

31. Transfer slides onto a slide holder and follow the onscreen prompts on the autostainer for the 

standard H&E protocol (Table A.2.) 

32. Once the staining is complete the slides should be automatically transferred to the coverslip 

machine. 

33. Ensure that the dispensing needle in the coverslip machine has been primed prior and that 

there is sufficient Cytoseal™ XYL and cover glass in the machine. 

34. Take note of any slides that may contain bubbles. To get rid of bubbles, manually push the 

bubbles away from the tissue. 

35. Let slides dry facing upwards for at least 24 hours.  
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Table A.2. Autostainer standard H&E Protocol 

 

  

Reagent Time 

Xylene x 3 2min x 3 

100% ethanol x 3 2min x 3 

70% ethanol 2min 

Water rinse 2min 

Modified Harris’ hematoxylin 10min 

Water rinse 2min 

1% acid alcohol 2 dips 

Water rinse 30sec 

0.2% ammonia water 30sec 

Water rinse 30sec 

70% ethanol 30sec 

Eosin 1min 

100% ethanol x 3 2min x 3 

Xylene x 3 2min x 3 



 

 

 

 

 

 

112 

Appendix B: Immunohistochemistry of neurofilament-200 (NF200) for identification 

of myelinated sensory neurons associated with Meissner’s corpuscles 

(For 4 slides, 4 sections per slide) 

Materials & reagents required: 

• Primary antibody: anti-neurofilament 200 rabbit antibody 1:1000 (Sigma Aldrich, 

N4142-.2ML)  

• Secondary antibody: DAKO Envision system HRP labeled polymer goat anti-rabbit 

(DAKO, K400311-2) 

• Normal goat serum (Life technologies, 10000C) 

• 5% goat serum (Life technologies, 10000C) in 1XPBS 

• 70%, 95%, 100% Ethanols (VWR, 89370-084, mix with milliQ® water) 

• Xylene (Fisher Scientific, BPX3P1GAL) 

• PAP Pen (VWR, CA99990-104) 

• 3% hydrogen peroxide (20mL of 30% hydrogen peroxide (Fisher Scientific, H325-500) 

in 180mL of methanol (VWR, 56902-543)) 

• 1XPBS (pH 7.4, 137mM sodium chloride, 2.7mM potassium chloride, 10mM disodium 

phosphate, 1.8mM monopotassium phosphate) 

• Cytoseal™ XYL (Thermo Scientific, 8312-4) 

• Harris’ Hematoxylin (Fisher Scientific, SH26-500D) 

• Humidification chamber (use as a slide box with soaked paper towels in the bottom, lay 

slides flat, parallel to the bench, on top of the plastic dividers) 

• Microscope Cover Glass (Fisher Scientific, 12-544D) 

• Parafilm (Fisher scientific, 13-374-12) 

• Forceps 

• 3,3’-Diaminobenzidene (DAB) tablets developer (Sigma Aldrich, D4168-50)  

• MilliQ® water in a squirt bottle 

 

1. Place slides into a vertical slide holder and begin deparaffinization: xylene, xylene, 100%, 

95%, 70% ethanols (5min per step). Then transfer slides onto a horizontal slide holder for 

1X PBS washes.  

2. Rinse with 1XPBS (3 x 5min, each time with fresh 1XPBS for all washes in the protocol) – 

for all washes, dunk the slide holder in and out of the solution three times when submerging 

and removing the slide holder from each solution. During the third wash, make 3% H2O2. 

3. Block endogenous peroxidase activity with 3% H2O2 for 30 min RT. 

4. Rinse in fresh 1XPBS (3 x 5min) as mentioned in step 2. 
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5. Ensure to shake the PAP pen very well before use. Test the PAP pen on a blank slide to 

ensure it is working properly and that the fluid would not run onto the tissue sections. 

Carefully circle each tissue section with the PAP pen to contain subsequent solutions within 

each of the tissue areas. Ensure that all sections remain hydrated throughout the remainder 

of the protocol. 

6. Block non-specific secondary antibody staining by applying 75uL of 5% goat serum 

(blocking solution) onto all sections of the slide, let slides incubate for 2h RT in humidified 

chamber. 

7. During the 5% goat serum incubation, prepare small pieces of parafilm, approximately the 

length and width of the tissue, for primary antibody incubation. 

8. Following 5% goat serum incubation, rinse slides in fresh 1XPBS (3 x 5min) in a horizontal 

slide holder. Defrost NF200 primary antibody at the first wash step and dilute it at the third 

wash step. 

9. Apply 75uL of NF200 primary antibody onto the third and fourth sections (the two furthest 

away from the white label on the slide) on the slide. Apply 75uL of 5% goat serum to the 

remaining two sections (closest to the white label) for controls.  

10. Place a piece of parafilm onto each section to help the solution spread and to keep the 

sections from drying during overnight incubation. When placing the parafilm, do not press 

directly on the sample with a finger as this may damage the tissue sections. To prevent the 

slides from drying, take one slide out at a time from the third 1XPBS wash.  

11. Close the humidified chamber and let sections incubate overnight at 4°C. Ensure to label and 

leave a note for others to not open the fridge or move samples as this may cause solutions on 

the tissue sections to spill over and contaminate the controls. 

12. The next day, remove slides from the fridge following primary antibody incubation. Leave 

slides at RT for 30min. Ensure slides are still hydrated – the wet paper towels at the bottom 

of incubation chamber should still be wet. Chamber should be kept shut when adjusting to 

room temperature.  

13. Tilt slides horizontally onto the paper towel and tap 3 times to remove antibodies and excess 

solution on the slide, place slides into a horizontal slide holder. 

14. Rinse in fresh 1XPBS (3 x 5min). During the third wash: aliquot 25 drops (for 4 slides) of 

secondary antibody into a 1.5mL tube, put secondary antibody back into the fridge 

immediately when finished.  

15. Tap slides horizontally onto a paper towel again to remove excess solution. 

16. Apply 75uL of secondary antibody onto the second, third and fourth sections (relative to the 

white label on the slide) and let incubate for 1h RT in the humidified chamber. Use 5% goat 

serum for the blank control (first section next to the white label). 

17. Tilt slides horizontally onto paper towel and tap 3 times to remove excess solution, place 

slides into a horizontal slide holder. 

18. Rinse in fresh 1XPBS (3 x 5min). During the first wash: Prepare 1mL MilliQ® water in a 

1mL tube for DAB during the first wash. During the second wash: Put 1 gold and 1 silver 

tablet into the 1mL MilliQ® water and let dissolve by continuously inverting the tube. The 
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tablets require approximately 5 minutes to dissolve. (Use 1 gold and 1 silver tablets in 1mL 

of MilliQ® water for 4 slides, if only staining 2 slides – then use ½ gold tablet and ½ silver 

tablet in 500uL of MilliQ® water) 

19. Tilt slides horizontally onto paper towel and tap to remove excess solution. 

20. Apply 62.5uL of DAB onto all sections of the slide and incubate in the humified chamber 

for 15min RT. Prepare DAB waste beaker & MilliQ® water squirt bottle.  

21. Rinse slides with MilliQ® water squirt bottle. This is done by holding the slides horizontally 

and gently spraying water onto the top of the slide and letting water run down and wash the 

tissue sections. Hit the slide onto the side of the beaker to shake off excess water. DAB is 

caught in the DAB waste beaker then disposed in labeled container (important: DAB is a 

carcinogen and must be disposed of appropriately). Do not spray water directly on the tissue 

samples as they may detach from the slide.  

22. Place slides into a horizontal slide holder and dunk 4 to 5 times in fresh 1XPBS, then 

continue to 1XPBS washes for 2 x 5min in fresh PBS each time. Prepare two 2L beakers of 

deionized water and two 300mL containers of MilliQ® water.  

23. Transfer slides into a vertical slide holder and counterstain with Harris’ hematoxylin for 10 

seconds.  

24. Dunk slides into the 2L beakers of deionized water for 4 to 5 times each to remove excess 

hematoxylin, then transfer slides into a horizontal slide holder and dunk 4 to 5 times in first 

container of MilliQ® water, and let sit in the second container of MilliQ® water for 5min. 

Transfer slides onto a vertical slide holder.  

25. Place slides into 70%, 95% and 100% ethanols for 5min each. 

26. Slides are then soaked in 100% xylene for 5min x 2.  

27. Place a line of Cytoseal™ XYL along one side of the slide not directly on the sample. Glide 

cover glass on its edge and slowly let it fall towards the other side. Remove air bubbles 

gently.  

28. Scan bench at the end of the day for any reagents left on the bench. 
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Appendix C: Immunohistochemistry of Cytokeratin-20 (CK20) for identification of 

Merkel cells  

 (For 4 slides, 4 sections per slide) 

Materials & reagents required:  

• Primary antibody: anti-cytokeratin 20 monoclonal (Ks20.8) mouse antibody 1:100 

(Thermo Fisher Scientific, MA1-35556 - 1mL) 

• Secondary antibody: Ultra-Sensitive Avidin Biotin Complex (ABC) Peroxidase Mouse 

IgG Staining Kit (Thermo Fisher Scientific, 32052) 

• Normal horse serum (ImmunoReagents, SP-040-VX2) 

• 3.6% horse serum (ImmunoReagents, SP-040-VX2) in 1XPBS  

• 70%, 95%, 100% Ethanols (VWR, 89370-084, mix with milliQ® water ) 

• Xylene (Fisher Scientific, BPX3P1GAL) 

• PAP Pen (VWR, CA99990-104) 

• 3% hydrogen peroxide (20mL of 30% hydrogen peroxide (Fisher Scientific, H325-500) 

in 180mL of methanol (VWR, 56902-543)) 

• 1X PBS (pH 7.4, 137mM sodium chloride, 2.7mM potassium chloride, 10mM disodium 

phosphate, 1.8mM monopotassium phosphate) 

• Proteinase K (Fisher Scientific, BP1700-100), 20ug/ml in TE buffer (pH 8.0, 50mM tris 

base, 1mM EDTA, 0.5% Triton X-100)  

• Glycerol (Fisher Scientific, G33-4) 

• 3,3’-Diaminobenzidene (DAB) tablets developer (Sigma Aldrich, D4168-50)  

• Cytoseal™ XYL (Thermo Scientific, 8312-4) 

• Harris’ Hematoxylin (Fisher Scientific, SH26-500D) 

• Humidification chamber (use as a slide box with soaked paper towels in the bottom, lay 

slides flat, parallel to the bench, on top of the plastic dividers) 

• Microscope Cover Glass (Fisher Scientific, 12-544D) 

• Oven (VWR, Signature™ Forced Air Safety Oven) 

• Parafilm (Fisher scientific, 13-374-12) 

• Forceps 

• Coplin jar 

• MilliQ® water in a squirt bottle 

 

1. Defrost Proteinase K solution and let adjust to room temperature.  

2. Place slides into a vertical slide holder and begin deparaffinization: xylene, xylene, 100%, 

95%, 70% ethanols (5 min per step) 
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3. Turn oven on to 40°C, place a thermometer onto the middle rack, center of the shelf and 

ensure that it is reading 40°C. Calibration is needed if the temperature on the thermometer 

does not match with oven display. 

4. Following deparaffinization, transfer slides onto a horizontal slide holder for 1X PBS 

washes.   

5. Rinse with 1XPBS (3 x 5min, each time with fresh 1XPBS for all washes in the protocol)-- 

for all washes, dunk the slide holder in and out of the solution three times when submerging 

and removing the slide holder from each solution. 

6. Antigen Retrieval: Draw 45mL of proteinase K (20ug/ml) into Coplin jar using a serological 

pipette and place slides into Coplin jar (up to 5 slides). Cover the coplin jar with tin foil as a 

lid to minimize evaporation. 

7. Incubate slides in 40°C oven for 15min. Remove slides from the oven and place slides into a 

horizontal slide holder. 

8. Rinse with fresh 1XPBS (3 x 5min). During the third wash, make 3% H2O2. 

9. Block endogenous peroxidase activity with 3% H2O2 for 30min RT. 

10. Ensure to shake the PAP pen very well before use. Test the PAP pen on a blank slide to 

ensure it is working properly and that the fluid would not run onto the tissue sections. 

Carefully circle each tissue section with the PAP pen to contain subsequent solutions within 

each of the tissue areas. Ensure that all sections remain hydrated throughout the remainder 

of the protocol. 

11. Apply 75uL of 3.6% horse serum (blocking solution) to all sections and let incubate for 2h 

RT in humidified chamber. 

12. During 3.6% horse serum incubation, prepare small pieces of parafilm, approximately the 

length and width of the tissue, for primary antibody incubation. 

13. Rinse in fresh 1XPBS (3 x 5min) in a horizontal slide holder. Defrost CK20 primary 

antibody at the first wash step and dilute it at the third wash step. 

14. Apply 75uL of CK20 primary antibody onto the third and fourth sections (furthest away 

from the white label) on the slide. Apply 75uL of 3.6% horse serum is applied to the 

remaining two sections (closest to the white label) for controls.  

15. Place small pieces of parafilm onto each section to help the solution spread and to keep the 

sections from drying during incubation. When placing the parafilm, do not press directly on 

the sample with a finger as this may damage the tissue sections. To prevent the slides from 

drying, take one slide out at a time from the third 1XPBS wash.  

16. Close the humidified chamber and incubate sections overnight at 4°C. Ensure to label and 

leave a note for others to not open the fridge or move samples if in a cold room as this may 

cause solutions on the tissue sections to spill over. 

17. The next day, remove slides from the fridge following primary antibody incubation. Leave 

slides at RT for 30min. Ensure slides are still hydrated – the wet paper towels at the bottom 

of incubation chamber should still be wet. Chamber should be kept shut when adjusting to 

room temperature.  
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18. Tilt slides horizontally onto the paper towel and tap 3 times to remove antibodies and excess 

solution on the slide, place slides into a horizontal slide holder. 

19. Rinse in fresh 1XPBS (3 x 5min). Prepare secondary antibody during the third wash. If 

preparing from the ABC kit then prepare according to the kit instructions (1 drop of secondary 

antibody, 3 drops of horse serum, 10mL of 1XPBS) OR add 1 drop of secondary antibody and 

135uL of normal horse serum to 10mL of 1X PBS. 

20. Tap slides horizontally to remove excess PBS, place slides one at a time into chamber for 

secondary antibody application.  

21. Apply 75uL of the biotinylated secondary antibody onto the second, third and fourth 

sections (relative to the white label of the slide) and incubate for 1h RT in the humidified 

chamber. Use 3.6% horse serum for the blank control (first section). 

22. After 30 minutes of secondary antibody incubation, prepare avidin-biotin complex (ABC) – 

THIS MUST BE MADE FRESH EVERY TIME! In a sterilized 15mL tube, add 2.5mL of 

1XPBS, 1 drop of Reagent A and 1 drop of Reagent B (from the kit). Mix well and let it sit 

for at least 30min to properly conjugate. 

23. Following secondary antibody incubation, tilt slides horizontally onto paper towel and tap 3 

times to remove excess solution, place slides into a horizontal slide holder. 

24. Rinse in fresh 1XPBS (3 x 5min) 

25. Tilt slides horizontally onto paper towel and tap to remove excess solution. 

26. Apply 75uL of ABC onto the second, third and fourth sections (relative to the white label of 

the slide) and incubate for 30min RT in a humidified chamber. Use 3.6% horse serum for the 

blank control.  

27. Following ABC incubation, tilt slides horizontally onto paper towel and tap three times to 

remove excess solution, place slides into a horizontal slide holder. 

28. Rinse in fresh 1XPBS (3 x 5min). During the first wash: Prepare 1mL MilliQ® water in a 

1mL tube for DAB during the first wash. During the second wash: Put 1 gold and 1 silver 

tablet into the 1mL MilliQ® water and let dissolve by continuously inverting the tube. The 

tablets require approximately 5 minutes to dissolve. (Use 1 gold and 1 silver tablets in 1mL 

of MilliQ® water for 4 slides, if only staining 2 slides – then use ½ gold tablet and ½ silver 

tablet in 500uL of MilliQ® water) 

29. Tilt slides horizontally onto paper towel and tap to remove excess solution. 

30. Apply 62.5uL of DAB onto all sections of the slide and incubate in humified chamber for 

15min RT. Prepare DAB waste beaker & MilliQ® water squirt bottle.  

31. Rinse slides with MilliQ® water squirt bottle. This is done by holding the slides horizontally 

and gently spraying water onto the top of the slide and letting water run down and wash the 

tissue sections. Hit the slide onto the side of the beaker to shake off excess water. DAB is 

caught in the DAB waste beaker then disposed in labeled container (important: DAB is a 

carcinogen and must be disposed of appropriately). Do not spray water directly on the tissue 

samples as they may detach from the slide.  
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32. Place slides into a horizontal slide holder and dunk 4 to 5 times in fresh 1XPBS, then 

continue to 1XPBS washes for 2 x 5min in fresh PBS each time. Prepare two 2L beakers of 

deionized water and two 300mL containers of MilliQ® water. 

33. Transfer slides onto a vertical slide holder and counterstain with Harris’ hematoxylin for 10 

seconds.  

34. Dunk slides into the 2L beakers of deionized water for 4 to 5 times each to remove excess 

hematoxylin, then transfer the slides onto a horizontal slide holder and dunk 4 to 5 times in 

the first container of MilliQ® water and let sit in the second container of MilliQ® water for 

5min. Transfer slides to a vertical slide holder.  

35. Place slides into 70%, 95% and 100% ethanols for 5min each. 

36. Slides are then soaked in 100% xylene for 5min x 2.  

37. Place a line of Cytoseal™ XYL along one side of the slide not directly on the sample. Glide 

cover glass on its edge and slowly let it fall towards the other side. Remove air bubbles 

gently.  

38. Scan bench at the end of the day for any reagents left on the bench. 
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