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     This thesis is an investigation of the role of skin and muscle receptors in proprioception at the 

ankle joint in humans. Somatosensory afferents provide the central nervous system with cues 

that code for movement and position of the segments, senses collectively known as 

proprioception. Intramuscular receptors, in particular muscle spindles, code for length and 

movement velocity of muscles surrounding a joint and therefore play an integral role in 

proprioception. The role of cutaneous receptors is less clear. When activated via skin 

stretch they create illusory movements of the limbs, and they are capable of responding to 

movements of the joints. To what extent these cues are utilized over and above input from 

muscle spindles remains unknown.  In addition, there is evidence that cutaneous receptors 

may influence the sensitivity of muscle spindles by modulating their level of fusimotor 

activation. The aim of this thesis was to further examine the role of skin in proprioception 

and to determine whether or not skin of the foot and ankle is capable of modulating 

fusimotor drive to muscle spindles of the lower limb. The current thesis is comprised of 

three studies. The first experiment utilized a matching task at the ankle joint and 

determined that skin from the dorsum of the foot and ankle is necessary for accurate 

proprioception. The remaining two experiments used the technique of microneurography 

to record from single nerve afferents in awake, human participants. Initially, cutaneous 

afferents were isolated and recorded to determine the efficacy of using cooling over their 

receptive field as a method to decrease their sensitivity and output. Once cooling was 

established as an effective tool, the final experiment isolated and recorded from muscle 

spindles in response to passive, ramp and hold movements at the ankle. It was determined 

that a reduction in skin input (via cooling) altered the firing response of a portion of 

spindles. It is likely that this change in firing was due to modulation of fusimotor drive to 

the spindles. Collectively, the current work contributes the novel findings that skin on the 

dorsum of the foot is necessary for accurate proprioception at the ankle and that this is 

largely due to the role of skin as an independent proprioceptive channel. In addition, we 

have shown for the first time that a reduction in skin input from the foot dorsum is capable 

of modulating spindle discharge during a passive ramp and hold movement at the ankle, 

demonstrating a minor role for this interaction in proprioception. A secondary finding of 

the thesis was that cooling with ice is an effective tool for reducing input from all four 

classes of cutaneous mechanoreceptors.       
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 CHAPTER 1  Introduction and Literature Review 

 

1.1 General Introduction 

1.1.1 Thesis synopsis 

 Proprioception is integral to the control of voluntary movements and involves the ability 

to sense dynamic and static position of body segments. The primary sensory mechanoreceptors 

involved in proprioception are muscle, cutaneous and joint receptors. Although the relative 

importance of each class of receptor has historically been subject to debate, the roles of muscle 

and joint receptors are now fairly well-established. Muscle spindles play a large role in 

proprioception as they provide information about length changes in muscles that surround a joint 

(Cordo et al. 2002, Roll and Vedel 1982, Ribot-Ciscar et al. 2003). Early studies revealed that 

activation of muscle receptors via tendon vibration evoked strong illusory sensations of 

movement and positional bias and thus indicated their dominant role in proprioception (Goodwin 

et al. 1972, Roll and Vedel 1982).  Joint receptors were initially thought to be important for 

signaling joint rotations (Boyd and Roberts 1953), but were subsequently shown to respond 

primarily at the end ranges of movement (Burgess and Clark 1969). As a result these receptors 

have been ascribed a more protective rather than proprioceptive role. 

 The specific role of cutaneous receptors in proprioception is still unclear.  Initially, 

suggestions that receptors located in the skin may be important to proprioception were based on 

impairments observed in movement sensation when skin receptor information was reduced 

through anesthetization (Provins 1958, Clark 1975, Gandevia and McCloskey 1976, Ferrel and 

Smith 1980, Moberg 1983; Refshauge et al. 1998). With the emergence of microneurographic 

studies, it was determined that single cutaneous afferents from the non-glabrous skin respond to 

movement at the finger and wrist joints (Edin and Abbs 1991, Edin 1992, Grill and Hallett 1995), 

the knee (Edin 2001) and the ankle (Aimonetti et al. 2007).  These findings indicated that 

receptors in the skin are capable of providing kinesthetic cues during movements, but the 

question remained: does the central nervous system use this information for proprioception?  

 Strong evidence for a proprioceptive role of cutaneous receptors stemmed from studies in 

which receptors in the skin were activated via stretch. In a similar way to muscle spindle 

activation by tendon vibration, the application of skin stretch was shown to evoke movement 
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illusions at finger, elbow and knee joints of subjects (Collins et al. 2005). When both muscle and 

cutaneous receptors surrounding these joints were activated simultaneously, the evoked illusory 

movements were greater than when either was activated in isolation (Collins et al. 2005).  

Despite these important findings at other joints, evidence to suggest a clearly proprioceptive role 

of non-glabrous skin surrounding the ankle joint is lacking.  It is important to consider this area 

of skin in light of the significant role of the ankle in balance control (Fitzpatrick et al. 1994, 

Winter et al. 1995).  Microneurographic recordings have shown that receptors located in the skin 

on the ankle and lower leg respond to joint movements in a markedly similar manner to receptors 

from the underlying muscles (Aimonetti et al. 2007). This finding could indicate that a 

complementary or integrative role exists for the two sensory channels; together, they could result 

in a complete picture of joint position sense.  However, the similarity of the afferent response 

also suggests that cutaneous information may be redundant to that which is supplied by muscle 

spindles. 

  To investigate a potential complementary role for skin, we examined the contribution of 

skin to a proprioceptive task at the ankle joint in healthy young subjects. The first experiment of 

the thesis (Experiment I) examined whether a reduction of skin information on the dorsum of the 

foot and ankle would result in accuracy errors during a passive joint matching task. If so, this 

would suggest that this area of skin plays an essential role in proprioception at the ankle. Since 

cutaneous receptors from this area of skin respond preferentially to plantarflexion (based on 

microneurographic data) but are relatively silent during dorsiflexion, the secondary aim was to 

determine if errors occurred for imposed plantarflexion rotations only. The results revealed that 

joint matching accuracy was reduced with the loss of skin input and in addition, that variability 

of the matching performance was increased. Surprisingly, accuracy was compromised not only 

for movements into plantarflexion, but dorsiflexion as well.  

 These findings suggest that skin input is necessary for accurate proprioception at the 

ankle joint. It was clear that in spite of full fidelity of muscle spindle input, information from 

these receptors was not able to compensate for a reduction in skin input. One intriguing 

observation was the impact on movements of dorsiflexion, when, presumably, the skin receptors 

on the foot dorsum were not stretched. It is possible that in addition to providing proprioceptive 

cues to the central nervous system (CNS) through skin stretch, cutaneous receptors may also 

influence muscle spindle sensitivity. A change in spindle sensitivity in the plantarflexor muscles, 
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may explain the impairment of accurate detection of dorsiflexion at the ankle, when independent 

cues from skin stretch have not been reduced (i.e. skin is still sentient on the posterior of the 

ankle). 

 Historically, the mechanism of fusimotor control over muscle spindle sensitivity in 

humans has been controversial. There is strong evidence in feline preparations that cutaneous 

receptors reflexively activate gamma motor neurons and can thus adjust spindle sensitivity 

(Murphy 1999, Murphy and Hammond 1997, Wadell et al. 1991, Johansson et al. 1989, Loeb et 

al. 1985). However evidence of such reflex connections in the lower limb of humans is sparse 

(Vallbo 1974, Burke et al. 1982, Gandevia et al. 1986, Aniss et al. 1988) and appears to become 

apparent only in a proprioceptively relevant task (Aniss et al. 1990). To determine whether or not 

a reduction of cutaneous input impacted spindle sensitivity, Experiment III involved afferent 

recordings of spindles in response to passive ankle movement before and after skin input was 

reduced. Ideally, the same anesthesia as used in Experiment I would be used to reduce skin input 

in Experiment III, but the lengthy absorption time (one to two hours) associated with topical 

anesthesia was not compatible with the time frame of afferent recordings using 

microneurography.  

 In lieu of topical anesthesia, cooling is an effective and efficient way to reduce cutaneous 

input and is commonly used in studies that probe the functional role of skin (Magnusson et al. 

1990a, Eils et al. 2002, McKeon and Hertel 2007). However, it is unclear how each of the four 

classes of mechanoreceptors in the skin is influenced by cooling over their receptive field with 

ice. To this aim, Experiment II investigated how cooling altered the response of cutaneous 

receptors to vibration and sustained indentation. The results revealed that cooling over the 

receptive field for durations of 10 minutes or longer reduced the response of all four classes of 

receptors to below 50% of baseline firing levels. In addition, the firing response of 38% of the 

receptors was completely abolished after cooling. Thus, it was deemed that cooling was an 

effective tool to diminish input from all types of mechanoreceptors in the skin and therefore we 

proceeded with Experiment III.    

 Cooling was used to reduce skin input in Experiment III and the afferent response of 

spindle endings to passive ramp and hold movements was investigated. It was revealed that a 

reduction in skin information increased the static position sensitivity in a portion of the spindles 
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recorded (29%). This was likely due to an increase in static gamma drive to both primary and 

secondary spindle endings.   

1.1.2 Thesis overview 

 In the following section, an overview is provided of the goals and hypotheses of the 

thesis. The document continues with a literature review of relevant topics.  Chapter 1 contains 

five sections that are devoted to background research under the following areas: 1) sensory 

contributions to proprioception 2) muscle receptor overview 3) cutaneous receptor overview 4) 

interaction of cutaneous and muscle receptors and 5) rationale for the selection of the tasks 

chosen for the thesis research. Chapters 2 through 4 report the three experiments as follows, 

Chapter 2: Experiment I, Chapter 3: Experiment II, Chapter 4: Experiment III.  Chapter 5 

integrates the findings from the separate chapters and provides a general discussion of the 

conclusions of the thesis.   

 

1.2 Summary of Goals of Thesis 

 The overall goal of this thesis was to determine the role of cutaneous receptors in 

proprioception at the ankle joint. This has been documented for other joints in the body, and in 

light of the importance of the ankle to postural control and locomotion it is of particular 

importance to understand the contribution of skin at this joint. A primary aim of the thesis was to 

establish the extent to which skin acts as an ‘independent proprioceptor’ and whether skin may 

possess an additional role; to influence muscle spindle sensitivity. There is well documented 

evidence in feline preparations of cutaneous reflex effects onto gamma motor neurons which 

result in changes in muscle spindle sensitivity. Whether or not skin has a large influence over 

gamma drive in the lower leg of humans has remained controversial. In order to address these 

questions, we reduced skin sensitivity and observed the effects on proprioception (through a joint 

matching task) and spindle sensitivity (direct afferent recordings). One additional goal was to 

determine the efficacy of reducing cutaneous input via cooling. Based on these goals the thesis 

aimed to more fully understand the extent and mechanism of the proprioceptive role of skin on 

the foot and ankle.       
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1.2.1 Testable Hypotheses 

 Three studies were completed over the course of this thesis.  Based on the rationale 

presented in section 1.1, five hypotheses were developed.  The hypotheses that were tested in 

each experiment are outlined below: 

 
1.2.1.1 Experiment I   

 Experiment I tested the role of cutaneous receptors on the dorsum of the foot and front of 

the ankle during a passive ankle joint matching task. Two hypotheses were proposed based on 

previous work that demonstrated skin receptors from the foot dorsum can provide direction-

specific input in response to movement at the ankle (Aimonetti et al. 2007). These are: 

 

1A)  Following a reduction in skin input the matching accuracy of ankle position will be 

 reduced and variability of ankle matching will be increased.  

 

1B) Cutaneous receptors on the dorsum of the foot and ankle responded preferentially to 

 plantarflexion; as a result accuracy in this direction of joint rotation will be impacted 

 most. 

 

1.2.1.2 Experiment II 

 Experiment II investigated the efficacy of using ice to reduce cutaneous input. 

Microneurography was used to isolate and record from afferents arising from low-threshold 

mechanoreceptors in the glabrous skin of the foot sole. Vibration was applied over the receptive 

field pre and post cooling. Frequency and amplitude of vibration were optimized to preferentially 

activate each class of mechanoreceptor. Sustained indentation was also used to activate a portion 

of slowly-adapting receptors. In light of evidence that cooling reduces the response to 

monofilament application (Kunesch et al. 1987) the following hypotheses were proposed: 

 

2A)  All classes of cutaneous receptors, (not just FA IIs) will reduce their response to natural 

 and vibratory stimuli after cooling (despite evidence from psychophysical tests that 

 primarily FA IIs are influenced by cooling; Harazin and Harazin-Lechowska, 2007).  
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2B) The greatest reduction will be in type I receptors, due to their superficial location within 

 the epidermis (compared to deeper, type II receptors), which likely renders them more 

 susceptible to the effects of cooling. 

 

1.2.1.3 Experiment III 

 
 In Experiment III microneurography was used to record spindle discharge in response to 

passive ramp and hold movements at the ankle. Ice was used to cool areas of the foot (dorsum 

and plantar surface of the foot) to reduce cutaneous input. The purpose of this study was to 

assess the effects of a reduction in cutaneous input on fusimotor drive to the spindles of the 

lower limb muscles. The hypothesis proposed in the current work is based on evidence that 

activation of cutaneous afferents influenced gamma dynamic drive to spindles in humans, but 

that this effect was task dependent. This is: 

 

3A)  Reduction of cutaneous input will result in changes to velocity and position 

 sensitivity of muscle spindles. This will manifest as changes in spindle response to 

 ramp and hold movements.  

 

1.3 Statement of ethics  

 All of the experiments documented in this thesis were conducted in accordance with the 

ethical guidelines of the University of Guelph and were approved by the University Research 

Ethics Board. 

 

1.4 Review of the Literature 

1.4.1 What is proprioception and why study it? 

 In general terms, proprioception is the sense of the orientation of one’s body in space.  

Usually the term encompasses two distinct parameters: the sense of movement (kinesthesia) and 

the sense of position. The term ‘kinesthesia’ was initially coined to describe movement and 

position sense (Bastian 1887) and a recent review paper also adopted this nomenclature (Proske 

and Gandevia 2009). For the purpose of this thesis, the term proprioception will be used to 
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describe the sense of movement and position. Where appropriate, the individual parameters will 

be referred to as ‘movement sense or kinesthesia’ and joint position sense.  

 The primary sensory receptors involved in proprioception are muscle spindles, cutaneous 

mechanoreceptors and joint receptors. Joint receptors were historically thought to play the largest 

role in joint proprioception (Boyd and Roberts 1953) but subsequent experiments showed that 

articular afferents only fired at the extremes of movement. This led to the hypothesis that joint 

receptors are important in signaling the limits of joint movement to protect against injury 

(Burgess and Clark 1969, 1975).  There is evidence indicating that some joint receptors are able 

to respond during the entire range of joint movement, (Burgess and Clark 1975, Burke et al. 

1988) but any contribution from this small portion of receptors is likely to be secondary or 

redundant to muscle receptor input (Ferrell et al. 1987). Interestingly, static discharge of muscle 

spindles is linearly related to joint position only in the mid-range of movement (Cordo et al. 

2002). Perhaps inputs from both joint and muscle receptors are necessary for signaling positional 

cues across the full range of the joint movement (Cordo et al. 2011). 

  Another type of muscle receptor, the golgi tendon organ signals the change in tension in 

the muscle (Houk and Henneman 1967) primarily at the musculo-tendinous junction. These 

receptors were thought to generate the majority of the ‘sense of effort’ that has recently been 

associated with movement and position sense during voluntary movements (Gandevia et al. 2006, 

Proske and Gandevia 2009). However, it is now hypothesized that in terms of contribution to 

proprioception, it is centrally-driven motor commands that primarily generate the sense of effort. 

A series of experiments were able to show that when efferent and afferent input to the hand was 

blocked (paralyzing and anaesthetizing the hand) attempts to move the hand produced an illusory 

sensation of displacement (Gandevia et al. 2006).  In a subsequent experiment, the importance of 

this effect was further evidenced when central motor commands also generated illusions of 

movement despite the availability of afferent input (Smith et al. 2009). These experiments 

suggest that motor commands have a considerable role in position and movement sense and 

therefore must be considered when evaluating proprioception during voluntary movements.   

 In spite of the contributions of other receptors and motor commands, it is well-accepted 

that muscle spindles play the largest role in proprioception. The importance of skin is less clear 

and the goal of this thesis is to further clarify how skin complements and interacts with the 
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information provided by muscle receptors.  Therefore the following sections are devoted to 

muscle spindle and cutaneous receptor anatomy, function, and contribution to proprioception.   

 

1.5 Muscle Receptors: 

1.5.1 Anatomy of the muscle spindle 

 The mechanoreceptors found in the belly of skeletal muscle are termed muscle spindles, 

named for their spindle-like shape.  They are comprised of intrafusal fibers, sensory endings and 

motor endings; components that work in conjunction to signal length and velocity changes of the 

muscle. Intrafusal fibers are non-contractile in their central region but have two contractile 

portions at each end. These fibers can be delineated into nuclear bag and nuclear chain fibers.  

Based on studies of cat spindles, the number of each intrafusal fiber per spindle is approximately 

5 chain fibers and 2-3 bag fibers. In humans, the classification of intrafusal fiber types is similar 

to the cat, although the number of each fiber type per spindle may be higher in humans (Cooper 

and Daniel 1963, Boyd 1980, Soukup et al. 2003). Human spindles of the neck and lumbrical 

muscles contain between 8 and 24 intrafusal fibers, with an average of 11 fibers per spindle 

(Cooper and Daniel 1963, Soukup and Thornell 1999, Soukup et al. 2003) with the increase 

largely in the number of chain fibers (Cooper and Daniels 1963, Kucera and Dorovini-Zis 1979). 

Bag fibers can be further subdivided into dynamic bag 1 (primarily sensitive to velocity) or static 

bag 2 (primarily sensitive to length and position) whereas all nuclear chain fibers contribute to 

static, length sensitivity (Boyd et al. 1977). 

 Sensory endings innervate the central region of intrafusal fibers and relay the information 

from the spindles to the dorsal horn of the spinal cord.  A single primary fiber (Ia) innervates all 

classes of intrafusal fibers found within the spindle and this comprises a primary ending. In 

humans there is some evidence that primary afferents preferentially innervate bag fibers (Kucera 

1986) which suggests that nuclear chain fibers may not contribute much to the static response of 

primary endings in humans. Secondary fibers (II) innervate all chain fibers but only the static bag 

fibers and thus form a secondary ending.  Both primary and secondary endings signal static 

changes in muscle length, but as primary endings also innervate dynamic bag fibers they respond 

to velocity changes of the muscle.   
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 Three types of efferent fibers innervate skeletal muscle: alpha, beta and gamma motor 

neurons.  Alpha motor neurons innervate extrafusal muscle fibers while gamma motor neurons 

innervate the contractile ends of the intrafusal fibers found in muscle spindles, a connection 

termed ‘fusimotor’ (Hunt and Paintal 1958).  Beta motor neurons innervate both extra and 

intrafusal fibers, referred to as skeleto-fusimotor innervation. The role of beta motor neurons is 

less clearly understood in humans and will not be a focus of this review. They consist of both 

static and dynamic fibers and approximately 30% of spindles receive this type of innervation in 

both cats and humans (Bessou et al. 1965, Hulliger 1984).  

 Gamma motor neurons are further classified as static or dynamic gamma based on the 

type of nuclear bag fiber they innervate.  Dynamic gamma neurons innervate dynamic bag fibers 

while static gamma motor neurons innervate static bag fibers and all chain fibers (Boyd et al. 

1977).  The purpose of the fusimotor system is to adjust the sensitivity of the spindle by causing 

the contractile ends of the intrafusal fibers to shorten (Hulliger 1984, Boyd 1976). Shortening 

pulls the non-contractile central region from both ends keeping it taught and thereby ‘priming’ 

the spindle and increasing the amount stretch that is taken up by the central (sensory) region. 

This activation is integral to motor control as it allows the CNS to adjust, with powerful but 

graded control, the sensitivity of muscle spindles. More detailed description of fusimotor control 

is found in section 1.5.4.      

 

1.5.2 Contribution to Proprioception 

 Response properties of intrafusal fibers indicate that muscle spindles are capable of 

providing information about the length and velocity changes of the surrounding extrafusal 

muscle fibers. This information may contribute to the coding of position, movement and 

orientation of the limbs (Goodwin et al. 1972, Roll and Vedel 1982).  The proprioceptive role of 

spindles has been probed through a number of different paradigms, which involve either the 

removal or augmentation of spindle input to reveal their contribution to movement and position 

sense.  Removal of spindle input either artificially via nerve block (Clark et al. 1985), ischemic 

block (Diener et al. 1984) or naturally via peripheral neuropathy (van Deursen et al. 1998) results 

in a degradation of perception of motion at the joints.  Augmentation of muscle spindles through 

tendon or muscle vibration, a technique known to preferentially activate primary muscle spindles, 
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causes a sensation of muscle lengthening and consequently, illusory movements of the limbs 

(Brown et al. 1967, Matthews 1977, Roll and Vedel 1982, Hlavacka 1995, Ivanenko et al. 2000).   

 Removal of muscle afferent input by nerve block at the ankle and metacarpal phalangeal 

joint resulted in a reduced ability of the subjects to identify movement at these joints (Clark et al. 

1985). Block of the common peroneal (CP) nerve results in paralysis of ankle dorsiflexor 

muscles. This block caused a reduction in movement detection when the ankle was passively 

moved through plantarflexion, i.e., when the dorsiflexors were stretched.  However movement 

detection was maintained during dorsiflexion when the plantarflexor muscles, which were intact, 

were stretched.  These results provided evidence that stretching of a muscle contributes to the 

perception of motion when a joint is moved passively.  Interestingly, although the perception of 

motion was reduced during plantarflexion, it was not eliminated suggesting that other receptors 

(presumably from the skin or the joints) were still able to provide information about limb motion.  

 Muscle spindles can be activated via muscle stretch (Harvey and Matthews 1961) or 

muscle vibration (Brown et al. 1967).  In the cat, stretch of the soleus muscle caused both 

primary and secondary spindle afferents to fire, illustrating the sensitivity of both types of 

endings to changes in length (Harvey and Matthews 1961).  In the cat, vibration of the soleus 

muscle selectively activated the Ia primary endings suggesting that primary, but not secondary 

endings, are sensitive to vibration (Brown et al. 1967).  In humans, vibration is known to cause a 

strong sensation of muscle lengthening, presumably due to activation of the Ia afferents 

(Goodwin et al. 1972, Roll and Vedel 1982, Cordo et al. 1995, Ivanenko et al. 2000, Capicikova 

2006). Goodwin and colleagues (1972) applied a vibratory stimulus of 100Hz to the tendon of 

the biceps or triceps during movements at the elbow joint.  They observed that subjects 

misjudged the joint angle, and perceived it to be in a position that would correspond to 

lengthening of the vibrated muscle.              

 These studies provide compelling evidence of the role of muscle afferents to 

proprioception however these methods are unable to tease out the specific contribution of muscle 

spindles.  For example blockage of sensation to specific joints, via nerve block or ischemia, is 

likely to involve the loss of a portion of skin receptors and golgi tendon organs in addition to 

silencing the muscle spindles. Additionally, spindles recorded during animal studies may not be 

entirely reflective of the behaviour of human muscle spindles.  The use of more precise 

techniques, such as microneurography to record the afferent properties of human muscle spindles 
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provides a more in depth and specified description of their contribution to proprioception and 

will be examined in the following sections.  

  

1.5.3 Microneurographic Recordings of muscle spindle afferents: 

1.5.3.1 Early Recordings  

 Microneurography was developed by Hagbarth and Vallbo in 1966 and involves 

recording neural impulses from human peripheral nerves.  This technique has allowed 

researchers to record the activity in human peripheral nerves in awake human subjects.  In an 

initial study conducted by Hagbarth and Vallbo (1968), they recorded neural signals from muscle 

afferents of the tibial and peroneal nerves and observed the firing characteristics during muscle 

stretch and vibration.  In these early, multi-unit recordings they observed that muscle stretch and 

muscle belly taps evoked bursts of neural activity in afferents innervating the stretched muscle.  

They also observed that sustained muscle stretch caused a weak neural discharge that eventually 

declined.  A much stronger neural discharge was observed when the researchers vibrated the 

muscle of interest.  

 

1.5.3.2 Microneurographic recordings of afferent response to vibration 

 Building on these observations, many studies have focused on the afferent firing 

properties of muscle spindles.  The technique of microneurography has since been refined and 

single-unit recordings have allowed the differentiation between primary and secondary muscle 

spindle afferents in humans (Vallbo 1971, Roll and Vedel 1982, Edin and Vallbo 1990a, Ribot-

Ciscar et al. 2003, Miyazaki et al. 2004). Muscle tendon vibration results in the perception of 

muscle lengthening (Goodwin et al. 1972) presumably caused by activation of the primary 

spindle endings (Brown et al. 1967).  Roll and Vedel (1982) investigated the afferent response of 

spindles located in the tibialis anterior (TA) and extensor digitorum longus (EDL) muscles to 

tendon vibration.  They observed that primary endings were much more sensitive than secondary 

endings to low amplitude (0.2 - 0.5 mm) vibration of the tendon. A portion of primary afferents 

responded 1:1 ratio to vibration frequency from 10 – 120 Hz.  Others were only able to discharge 

1:1 up to about 50 Hz, and fired in a in a sub-harmonic fashion to frequencies above 50 Hz. They 

also investigated illusory movements in the upper limb produced by tendon vibration and found 
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that velocity of the perceived movement increased with increasing frequency of vibration, from 

20 Hz to peak velocities in response to 70 Hz vibration.  Vibration at frequencies higher than 70 

Hz caused a decrease in perceived movement velocity and may be related to the ‘de-recruitment’ 

of spindles that are unable to follow the higher frequency.        

1.5.3.3 Passive muscle stretch 

 A common protocol utilized to evaluate the response of spindles is the ramp and hold test 

(i.e. Roll and Vedel 1982, Edin and Vallbo 1990a, Edin 1988, Cordo et al. 2002). The muscle is 

passively stretched via joint rotation (ramp) and maintained at a certain length withs the joint in 

held in a stationary position (hold) which allows classification of muscle afferent response to 

dynamic and static stretch.  Roll and Vedel (1982) utilized this protocol to test the firing patterns 

of afferents located in the TA and EDL dorsiflexor muscles during passive ankle movements. 

They observed that primary endings responded to the onset of muscle stretch with a distinct burst 

of neural activity that quickly subsided (initial burst), followed by a period of more gradual 

frequency increase (ramp increase). Firing frequency decreased during the beginning of the hold 

phase (deceleration response) before it plateaued, usually at a rate that was elevated from any 

prior background discharge.  Secondary spindle endings did not display an initial burst in 

response to the onset of movement rather a gradual increase in firing with the imposed stretch 

(Roll and Vedel 1982).  These general firing patterns observed for spindles of the lower limb 

muscles are similar to those from spindles in the cat (Jansen and Matthews 1962, Crowe and 

Matthews 1964, Matthews and Stein 1969) primate (Cheney and Preston 1976) as well as 

spindles from other muscles in humans (Cordo et al. 2002, Edin and Vallbo 1990a, Jones et al. 

2001a).  

 Several parameters have been developed to quantify the firing response of primary and 

secondary spindle endings to ramp and hold movements however nomenclature and findings 

vary across studies. The distinct burst observed at ramp onset is often termed the ‘initial burst’ 

and is primarily used to differentiate primary from secondary spindles in human afferent 

recordings (Edin and Vallbo 1990a). The initial burst is sometimes used in the calculation of the 

Dynamic Index (Roll and Vedel 1982, Ribot-Ciscar et al. 2009). Dynamic index in the classic 

definition is the peak frequency during the ramp phase minus the frequency plateau during the 

hold phase. The firing frequency of the plateau is usually measured at 0.5 seconds after the end 

of the ramp, an arbitrary time, initially chosen to capture the firing frequency after the initial 



13 

 

 

 

decline in firing typically observed (deceleration response; Jansen and Matthews 1962, Crowe 

and Matthews 1964). The Dynamic Index provides a measure of the afferent response to the 

dynamic portion of the test, when the stretch velocity drops to zero (Crowe and Matthews 1962) 

and thus is linearly related to movement velocity (Crowe and Matthews 1962, Grill and Hallett 

1994).  

 Static sensitivity of spindles is related either to the hold rate (average hold frequency after 

the deceleration response; Cordo et al. 2002) or to the ‘Static Difference’, which is the difference 

between the hold rate and resting discharge prior to the ramp movement (Edin and Vallbo 1990a). 

Positional sensitivity of human spindles is typically lower than that recorded in animal studies 

with mean values reported in the range of 0.3 Hz/° to 0.4 Hz/° (Edin and Vallbo 1990, Grill and 

Hallett 1994, Cordo et al. 2002). The positional sensitivity of spindle endings has been 

systematically tested throughout the range of joint movement to determine how well hold rates 

corresponded to joint position. Hold rates were linearly related to joint position, but only in the 

mid-ranges of joint movement (Cordo et al. 2002). 

 

1.5.3.4 Active muscle stretch 

 The response of muscle afferents to passive movements provides insight into the 

behaviour of spindles in the absence of skeleto-fusimotor drive.  During natural active 

movements, efferent contributions from gamma and beta motor neurons can adjust spindle 

sensitivity (Vallbo 1971), thus altering the afferent response to movement. Spindle response has 

been characterized during active isometric contractions (Vallbo 1971, Edin and Vallbo 1990b, 

Vallbo et al. 1981) as well as active ramp and hold movements (Roll and Vedel 1982, Edin and 

Vallbo 1990a, Ribot-Ciscar and Roll 1998, Jones et al. 2001a). Isometric voluntary contractions 

generally lead to an increase in spindle activity (Hagbarth and Vallbo 1968, Vallbo 1971, 1974, 

Hagbarth et al. 1975, Wilson et al. 1997) although there is some evidence of decreased activation 

(Edin and Vallbo 1990b). Typically, a burst of activity is observed upon relaxation of the muscle, 

presumably due to unloading and therefore stretching of the muscle spindle (Edin and Vallbo 

1990, Wilson et al. 1997).   

 Roll and Vedel (1982) examined the muscle afferent responses during passive and active 

ramp and hold movements at the ankle joint. They observed that the neural activity of the spindle 

endings was similar between active and passive movements in the muscle stretch and hold 
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portion of the protocol.  However, when the muscle was actively shortened, spindle endings 

continued to fire compared to the passive condition where they ceased to fire.  These effects are 

presumably due to fusimotor or skeleto-fusimotor effects during muscle contraction preventing 

the spindle from slackening and falling silent (Vallbo 1971, Wilson et al. 1997).             

 

1.5.3.5 Fusimotor control of muscle spindles 

 As previously mentioned, muscle spindles are innervated by gamma and beta motor 

neurons. For the purposes of this thesis, the focus will be on gamma motor neurons. As 

mentioned previously, gamma motor neurons are sub-divided into dynamic and static axons, 

each of which has specific innervation targets and modulatory effects.  Gamma dynamic motor 

neurons innervate dynamic bag I intrafusal fibers while gamma static motor neurons innervate 

dynamic bag 2 and chain fibers (Hulliger 1984). Thus, in their simplest classification, gamma 

motor neurons can adjust dynamic and static sensitivity of the muscle spindle respectively.  The 

response of spindle endings to fusimotor stimulation has been extensively examined in feline 

preparations (eg. Hunt and Paintal 1958, Jansen and Matthews 1962, Matthews 1963, Crowe and 

Matthews 1964, Hulliger 1979, Loeb et al. 1985, Prochazka et al. 1985, Wadell et al. 1991, 

Murphy 1999).  In general, stimulation of isolated dynamic gamma fibers slightly increases the 

resting discharge of primary endings, but largely increases the dynamic response (dynamic index) 

to ramp and hold stretch of the muscle (Crowe and Matthews 1964, Brown et al. 1965, Boyd 

1980). An additional consequence of tonic gamma dynamic stimulation is the prolongation and 

augmentation of the deceleration phase or ‘adaptive creep’ following passive muscle stretch 

(Boyd 1976, Boyd et al. 1977), thought to reflect the gradual reduction of an ‘active’ state of 

increased sensitivity of the dynamic bag fiber.  

 Stimulation of gamma static fibers causes a much larger increase in the resting discharge 

and an increase in the static sensitivity of primary endings, while decreasing the dynamic 

response (Crowe and Matthews 1964, Boyd 1980). Secondary endings are generally only 

influenced by static gamma motor neurons which serve to increase their resting discharge and 

increase static sensitivity (Matthews and Stein 1969).  

 The central control of fusimotor drive to mammalian muscle spindles has been the 

subject of much debate and areas of uncertainty still remain. Activation of gamma motor neurons 

is associated with voluntary activation of alpha motor neurons (Brown et al. 1967), and often 
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spindles will not cease their firing in response to shortening contractions (Vallbo 1971, Wilson et 

al. 1997). This has led to the strong assertion of alpha-gamma linkage, suggesting that the sole 

purpose of the gamma system is to prevent spindle silence during muscle shortening. Indeed 

several studies have failed to indicate control to gamma motor neurons independent of alpha 

activation (Burke et al. 1980, Vallbo and Hulliger 1979, Vallbo et al. 1979, al-Falahe et al. 1990, 

1988, Gandevia and Burke 1985, Bent et al. 2007). However, cortical activation with transcranial 

magnetic stimulation was able to activate a portion of fusimotor neurons without concurrent 

stimulation of alpha motor neurons (Rothwell et al. 1990) suggesting independent supraspinal 

control over fusimotor activation. Although sparse, this evidence was further substantiated with 

stronger effects observed in several functional studies (Ribot-Ciscar et al. 1986, Kakuda et al. 

1997, Jones et al. 2001b, Ribot-Ciscar et al. 2000, Hospod et al. 2007, Ribot-Ciscar et al. 2009). 

Initially, changes in spindle discharge where observed in a visuomotor learning task (Jones et al. 

2001b) a proprioceptive task (Hospod et al. 2007) and during mental computation tasks (Ribot-

Ciscar et al. 2000) with no changes in muscle activity. Further studies revealed parametric 

control over fusimotor activation, increasing dynamic gamma during a velocity-discriminating 

proprioceptive task and increasing static gamma when discriminating between positions (Ribot-

Ciscar et al. 2009). Collectively these findings suggest supraspinal inputs are capable of 

independent modulation of fusimotor drive. In the cat, there is an additional level of gamma 

control from reflex connections from joint receptors, type II afferents and cutaneous afferents 

(Appelberg et al. 1983, Johansson and Sojka 1985, Ellaway et al. 1996). There is currently little 

evidence of any sensory reflex control of gamma motor neurons in the lower limb of humans 

with the exception of cutaneous reflex control in unsupported standing (Gandevia et al. 1986, 

Aniss et al. 1988, Aniss et al. 1990). These experiments are of particular importance to this thesis 

and are discussed in detail in Section 1.7.2.2. The literature to date provides a picture of 

fusimotor control in the human that is in alignment with the current view in the cat: that the 

control is partially linked to alpha activation and partially independent (supraspinal or reflex 

control) dependent on the task (Prochazka et al. 1996).  
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1.5.3.6  How do spindle firing patterns result in the coding of movement? 

 In order to evaluate the role of muscle spindles in proprioception, it is important to 

consider how the firing patterns of the spindle afferents translate into a neural code to the CNS to 

accurately relay aspects of joint movement.  It is clear from previous studies that individual 

spindles can code for length (Cordo et al. 2002, Edin and Vallbo 1990) and velocity (Grill and 

Hallett 1995). Spindles also display direction-sensitivity, reflected by maximum firing rates to 

ramp and hold movements in certain preferred directional sectors (Bergenheim et al. 2000).  The 

above observations suggest that spindles can code for direction and velocity of stretch of the 

muscle within which they are located. However, unitary spindle firing rates do not consistently 

reflect absolute joint position (Vallbo et al. 1971, Miyazaki et al. 2004), and most likely only do 

so for the middle portion of the joint range of motion (Cordo et al. 2002). In addition, stimulation 

of a single spindle afferent does not result in a percept (Macefield 2005) suggesting that 

populations of muscle spindles provide a better representation of joint orientation than single 

spindles (Bergenheim et al. 2000, Cordo et al. 2002, Ribot-Ciscar and Roll 1998, Ribot-Ciscar et 

al. 2003, Verscheuren et al. 1998).  In fact, it is likely the spindle population response of multiple 

muscles acting on a joint (agonist and antagonist muscles, as well as synergistic muscle groups) 

is required for coding joint and limb spatial positions (Ribot-Ciscar and Roll 1998).   

 In summary, it is clear that muscle spindles can code for position and velocity, most 

likely as a population of receptors and within multiple muscles. Velocity signals arise from 

primary afferent endings that may preferentially innervate bag fibers in humans. Static position 

sensitivity is partially coded by primary endings (most likely from static bag 2 fibers) and largely 

coded by secondary endings (refer to Table 1.1 for a summary of spindle characteristics). 

Gamma motor neurons exert complex effects onto intrafusal fibers, adjusting the sensitivity of 

muscle spindles, partly in conjunction with alpha activation and partly due to supraspinal or 

reflex control. The proprioceptive role of spindles is further evidenced by functional studies 

where movement and position sense were reduced when spindle input was compromised. 

However, proprioception was not completely abolished in these functional studies, suggesting 

that other receptors, perhaps cutaneous, also contribute to the sense of proprioception. The 

following section is devoted to the structure, function and proprioceptive role of cutaneous 

receptors. 
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Table 1.1: Summary of muscle spindle characteristics 
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1.6 Cutaneous Receptors:  

1.6.1 Properties of Receptors and Afferents 

 Four types of mechanoreceptors are typically found in human glabrous skin that are 

sensitive to deformation, and innervated by low-threshold type A, myelinated afferent fibers. 

Within the hairy or non-glabrous skin, similar receptors are found, with the addition of hair units 

in hairy skin, a third type of fast adapting unit that is sensitive to movement of individual hair 

shafts (Burgess et al. 1968, Jarvilehto et al. 1981, Edin 2001). The combination of receptor and 

nerve makes up a sensory unit, each of which is classified based on its discharge properties and 

receptive field size.  Although many names have been applied to these units, the terminology that 

is commonly utilized in the literature and will be used in this thesis, is based on the ability of the 

unit to adapt to a stimulus: fast adapting (type I and II; FA I, FA II) and slowly adapting (type I 

and II; SA I, SA II).  Each of these units is sensitive to distinct types of mechanical stimuli and 

responds to the stimulus with a neural discharge pattern that is unique.  Initially, the properties of 

the cutaneous sensory units were outlined for animal species, in particular the cat, and the 

structure and properties of the receptors are very similar to those found in human skin (Looft 

1986).  Many of the characteristics of the receptors can be attributed to their structure and 

location within the skin.  The following sections will outline the structure and function of each of 

the four skin receptors as determined from studies in the cat. 

 Mechanoreceptors called Merkel cells are found in the basal layer of the superficially 

located epidermis, and are closely associated with the bottom layer of papillary folds. These 

receptors are oriented perpendicular to the skin and are thought to be innervated by SA I afferent 

fibers (Iggo and Muir 1969).  FA I afferents are believed to innervate Meissner’s corpuscles 

located in the epidermal layer of the skin in between and closely associated with the papillary 

folds (Iggo and Ogawa 1977).  SA II afferents are thought to innervate mechanoreceptors located 

deeper in the dermis, called Ruffini endings (Chambers et al. 1972).  FA II afferent fibers 

innervate the Pacinian corpuscles, large oval-shaped receptors located deep in the dermal and 

subcutaneous layers of the skin (Iggo and Ogawa, 1977).   
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1.6.2  Adaptive properties of cutaneous sensory units 

 Fast and slowly adapting fibers have been classified as such based on their response to 

maintained stimulus: SA fibers respond with a sustained discharge whereas FA fibers do not 

(Burgess et al. 1968).  Characteristically, both types of receptors can respond to the dynamic 

phase of the indentation (Burgess et al. 1968), however, if the indentation is sustained, FA 

receptors quickly stop firing, whereas SA fibers continue to discharge (Chambers et al. 1972, 

Iggo and Muir 1977). When the stimulus is removed, FA receptors again respond to the dynamic 

movement in what is termed an ‘off’ response (Knibestol 1973, Iggo and Ogawa 1977).  

 Although it is not known exactly what makes cutaneous sensory units fast or slowly 

adapting, in the case of the Pacinian corpuscle it is thought to be the structure of the receptor 

(Loewenstein and Mendelson, 1966).  At its core, the Pacinian corpuscle consists of a terminal 

ending of an FA II afferent nerve fiber which is surrounded by many layers of perineural cells 

(Iggo and Anders, 1982).  These layers, or lamellae, display elastic properties and are separated 

by viscous fluid.  The viscous properties transfer the force of a stimulus from the periphery to the 

core, which results in a change in pressure that depolarizes the nerve ending (Loewenstien and 

Skalak, 1966).  The elastic properties of the lamellae act as a filter wherein the layers quickly 

return to their ‘normal’ position during the static phase of a sustained indentation, returning the 

pressure in the core to a resting level (Loewenstein and Skalak, 1966). The ‘off response’ that is 

observed when the indentation is released, is due to an additional change in viscous pressure 

which directly influences core pressure (Loewenstein and Skalak, 1966).  Since the rapidly 

adaptive nature of this receptor depends on the properties of its outer capsule, the properties of 

slowly adapting receptors may result from their lack of insulating layers.  In fact, Loewenstein 

and Mendelson (1965) observed that when the outer lamellae were removed, the core of the 

Pacinian corpuscle responded similarly to slowly adapting receptors with a sustained discharge 

to indentation and no off response.  Direct evidence is lacking with respect to the SA I and II and 

FA I to confirm that structure of the receptor is the determining factor in their adaptive responses. 

Slowly-adapting receptors do tend to contain a higher number of mitochondria than FA receptors, 

presumably to provide energy needed to maintain neural discharge for longer periods of time 

(Iggo and Muir 1969).   
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1.6.3  Structure and location of cutaneous receptors 

 Meissner’s corpuscles and Merkel cells (type I receptors) are located superficially in the 

dermis and are tightly associated with the papillary folds of the epidermis. Their superficial 

location may explain their characteristically small and discretely-bordered receptive fields.  

Conversely, type II units have large receptive fields with undefined borders which is likely a 

function of their larger size and deeper location within the dermis (Iggo and Muir 1969, Iggo and 

Ogawa 1977).  Type I units respond to stimuli with an irregular discharge frequency as a 

consequence of multiple sources of signal generators housed within a single receptor (Iggo and 

Muir 1969, Chambers et al. 1972).  In contrast, type II units are characterized by a regular 

discharge due to their single nerve terminal and therefore, single site for impulse generation 

(Chambers et al. 1972).  Ruffini endings (SA II) are similar in structure to muscle spindles and 

oriented parallel to the skin forming attachments to the dermal collagen fibers at the either end of 

the receptor (Chambers et al. 1972).  This renders SA II units sensitive to stretch, whereas 

Merkel cells (SA I), which are tightly connected to the papillae of the epidermis, result in SA I 

units that do not respond to stretch (Iggo and Muir 1969, Chambers et al. 1972).      

 The study of cutaneous receptors in the cat allow for in-depth, histological observations 

of receptor structure and location within the skin that would not be possible in humans. It has 

provided a clear picture of how receptor structure and location relate to afferent responses to 

mechanical manipulation.  However, it is necessary to confirm these findings in cutaneous 

receptors in humans.  The following section outlines research using the technique of 

microneurography to record the firing patterns of human cutaneous afferents to specific tactile 

stimuli.  

1.6.4  Microneurography: Cutaneous Afferent Properties 

1.6.4.1  Glabrous and Hairy Skin  

 Humans have two different types of skin, glabrous skin that covers the palms of the hand, 

soles of the feet and the lips and hairy, non-glabrous skin that covers the majority of the limbs 

and trunk.  While sharing similar features, there are different aspects to each type of skin.  One 

of the main differences lies in the presence of hair units in hairy skin, a third type of fast adapting 

unit that is sensitive to movement of individual hair shafts (Burgess et al. 1968, Jarvilehto et al. 

1981, Edin 2001).  Differences between glabrous and non-glabrous skin as well as regional 
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differences within each skin type will be considered in the following sections, examining the 

properties of cutaneous receptors in humans.   

 

1.6.4.2 Distribution of Receptors  

 It is difficult to determine the exact distribution of receptors in human skin.  

Microneurography has provided a means to estimate the distribution of receptors, keeping in 

mind that the method of unit identification will influence the type of units found, i.e. tapping the 

skin will primarily activate FA I receptors whereas sustained indentation or stretching will 

preferentially activate SA II receptors. In the glabrous skin of the hand, Johansson and Vallbo 

(1979) observed that slowly and fast adapting units are represented roughly equally, with fast 

adapting units making up just over 50% of the units tested.  FA I afferent type was the most 

highly represented afferent with 40% occurrence.  These authors also observed that the relative 

distribution of the receptors differed across regions of the palm.  The density of units increased 

from the palm to the tips of the fingers, due mainly to the increase in type I afferents.  In the 

glabrous skin on the sole of the foot, the FA I afferents are the most prevalent receptor type 

(Kennedy and Inglis 2002, Fallon et al. 2005).  In contrast to the glabrous skin of the hand, the 

receptors on the foot sole appear to be equally distributed with no concentration of type I 

receptors in the toes (Kennedy and Inglis 2002, Fallon et al. 2005). 

 In general there is a higher representation of slowly adapting receptors in non-glabrous 

skin of the hand and forearm compared to glabrous skin (Jarvilehto et al. 1981, Vallbo et al. 

1995).  Additionally, the discrimination between type I and type II slowly adapting units is more 

difficult in non-glabrous skin (Jarvilehto et al. 1981, Edin 2001);  Edin (2001) has proposed that 

a third type of slowly adapting receptor exists in non-glabrous skin, an SA III that shares 

properties of both the SA I and SA II units. Interestingly, Jarvilehto and colleagues (1981) also 

observed an SA unit that was associated with hairs in the dorsal skin of the hand.   

 In contrast to the glabrous skin, where type I units were densely populated in the finger 

tips, Edin and Abbs (1991) observed that FA I receptors in the non-glabrous skin were clustered 

around individual joints of the fingers.  Slowly adapting (I and II) receptors were more evenly 

distributed throughout non-glabrous skin of the dorsum of the hand.  Wu et al. (1998) examined 

the distribution of SA II units in the median, radial and common peroneal nerves and the skin 

areas they innervate.  They found SA II units clustered together both in the nerve and in the skin, 
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often with receptive fields that overlapped and with differing firing properties.  In the skin 

covering the anterior lateral aspect of the knee joint and thigh, Edin (2001) found that afferents 

supplying hair receptors were the most prevalent representing 40% of the units identified.  In the 

anterior aspect of the lower leg, Aimonetti et al. (2007) observed roughly equal amounts of fast 

and slowly-adapting receptors (27% FA I, 19% FAII, 24% SAI, 30% SAII), whereas Bent and 

Lowrey (in review) found similar distribution in the dorsum of the foot to the glabrous skin of 

the foot sole (roughly 40% FA I).  These observations suggest regional changes in receptor 

density and distribution in the hairy skin of the limbs.  In almost all studies, FA II afferents were 

the least abundant receptor type observed in both glabrous and hairy skin. 

 An additional class of low threshold unmyelinated afferents was found in the hairy skin 

of the face (Johansson et al. 1988), forearm (Vallbo et al. 1993, 1999) and knee (Edin 2001).  

These receptors are similar to high threshold C-fiber mechanoreceptors found in the human skin 

usually responsible for sensing pain and temperature (Van Hees and Gybels 1972). The role of 

these low threshold C-fibers is not entirely clear, but they can respond to non-noxious tactile 

sensations and are highly fatigable (Vallbo 1993, 1999, Edin 2001).  Their slower conduction 

velocities however render their contribution to motor control and tactile sensibility questionable 

(Edin 2001).     

  

1.6.4.3 Receptive Fields and Response to Stimuli             

 The receptive fields of type I receptors are typically small and round with sharply defined 

borders.  They usually consist of one or a few spots of maximal sensitivity.  For the SA I 

receptor, these spots are thought to correspond with the many Merkel cells of the receptor ending 

(Vallbo et al. 1995).  Type II receptive fields are usually larger with indiscriminate borders 

(Knibestol 1973) and typically have only one zone of maximal sensitivity (Vallbo et al. 1995).  

In the glabrous skin, Knibestol (1973, 1975) observed that receptive field sizes of type I units 

were larger in the skin of the palm than the fingertips.  In hairy skin, the hair unit has a large 

irregularly shaped receptive field and is sensitive to manipulation of the individual hair shafts 

within the field (Vallbo et al. 1995).  Field units in the hairy skin have comparably large 

receptive fields and also contain many sensitive zones that are clustered together (Vallbo et al. 

1995).  Also in the hairy skin, the proposed SA III unit has a similar receptive field size as SA I 

receptors but like the SA II receptive fields, only one spot of high sensitivity  (Edin 2001).     
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 The use of microneurography has confirmed that the cutaneous units found in humans 

respond in similar ways to the cat receptors when external stimuli are applied. Knibestol (1975) 

confirmed that SA II units are very sensitive to lateral stretch of the skin whereas SA I units are 

not.  FA I units are sensitive to punctate stimuli and vibration while FA II units are capable of a 

greater discharge frequency and are sensitive to higher frequency vibration than FAI (Jarvilehto 

et al. 1981).  Ribot-Ciscar and colleagues (1989) reported that both SA and FA receptors, (the 

authors did not differentiate between type I and type II) in the leg and foot of humans can 

respond 1:1 when vibration is applied up to frequencies between 100 and 200 Hz.  However, 

once they reach a maximal, critical value, the FA units abruptly ceased firing while the SA units 

continued to fire in a sub-harmonic fashion at the higher frequencies. As in the cat, the neural 

discharge rates of SA I and FA I units in humans are highly irregular most likely due to the 

multiple sites of signal generation associated with Merkel cells and Meissners corpuscles 

(Knibestol 1973, Knibestol 1975).  SA II and FA II units display regular firing rates due to a 

single site for impulse generation in the Ruffini endings and Pacinian corpuscles (Knibestol 1973, 

Knibestol 1975). The receptive field characteristics, firing rates and responses to specific stimuli 

have formed the basis of the criteria utilized to decipher between unit types in current 

experiments.   

 

1.6.4.4 Receptor Thresholds 

 Johansson and Vallbo (1979) determined the thresholds for the four classes of receptors 

in the glabrous skin of the human palm by recording from afferents in the median nerve while 

applying indentations to identified cutaneous units.  They discovered that FA units were the most 

sensitive with the lowest thresholds (FA II, 9.2 μm; FA I, 13.8 μm) while SA units required a 

larger indentation before they responded (SA I, 56.6 μm; SA II, 331 μm).  The relative 

sensitivity of the units was maintained when mean force thresholds were examined using 

calibrated von Frey hairs (FA II, 0.54 mN; FA I, 0.58 mN; SA I, 1.3 mN; SA II, 7.3 mN) 

(Johansson et al. 1979).  In both studies, thresholds were similar across different regions of 

glabrous skin on the hand however the psychophysical thresholds (i.e., the subject’s ability to 

perceive the stimulus) differed across regions.  In regions of low psychophysical thresholds, the 

indentation thresholds measured with microneurography were comparable.  However in regions 

of high psychophysical thresholds, subjects were unable to perceive indentations that were 
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sufficient to cause the afferent to generate several impulses, suggesting that the coding of neural 

input from cutaneous receptors may differ across skin regions (Johansson and Valbo 1979).   

 Mechanical thresholds of hairy skin of the limbs are similar to that of the glabrous skin 

but receptors in the hairy skin appear to be more sensitive in some skin locations.  Edin and Abbs 

(1991) determined that the force thresholds of cutaneous receptors on the back of the hand were 

similar to glabrous skin receptors of the palmar aspect, with FA II displaying the highest 

sensitivity (0.5 mN), followed by SA I (1 mN), FA I (2 mN) and SA II (5 mN). Vallbo et al., 

(1995) found that the thresholds were considerably lower for receptors on the inner forearm 

(Field, 0.10 mN; SA I, 0.45 mN; SA II, 1.3 mN) which suggests regional differences in 

sensitivity in hairy skin. In the lower limb, mechanical thresholds appear to be higher in the foot 

sole (FA II, 4 mN; FA I, 11.8 mN; SA I, 35.6 mN; SA II 115.6 mN; Kennedy and Inglis 2002) 

than the foot dorsum (FA II, 0.73 mN; FA I, 7.31 mN; SA I, 25.3 mN; SA II 1.42 mN; Bent and 

Lowrey, in review).   

 

1.6.5  What are the Roles of Cutaneous Receptors? 

1.6.5.1  Exteroceptive Feedback – information signaling contact with the environment. 

 Cutaneous receptors provide exteroceptive feedback to generate information about the 

body with relation to external objects. The firing properties and receptor distribution of the hand 

reflect its specialized role in fine tactile sensitivity (Vallbo et al. 1979).  A large number of  type 

I receptors (with smaller receptive field sizes) in the fingertips allow for the detection of 

curvature (Goodwin et al. 1997) discrete borders and angles (Levy et al. 2007) and movement of 

objects across the skin surface (Olausson and Norrsell 1993).  Tangential or shear forces acting 

on the skin surface at the palm provide information to aid in the control of grip forces (Johansson 

and Westling 1984, Johansson and Westling 1987, Monzee et al. 2003, Macefield et al. 2005).  

Haptic information from the fingertips in contact, even lightly, with environmental features can 

provide stabilizing effects during standing (Baccini et al. 2007).  Menz and colleagues (2006) 

observed that this is not limited to the fingertip, and found that haptic information from the skin 

covering the posterior aspect of the calf also reduced postural sway in standing humans.   

 Skin on the sole of the foot also plays an important role in postural control.  Removal or 

alteration of cutaneous input from the bottom of the feet either by anesthesia (Meyer et al. 2004) 
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or sensory neuropathy (Menz et al. 2004) reduces stability in standing humans.  Augmentation of 

cutaneous feedback via ridged insoles improved the balance of young and older adults in a study 

by Maki and colleagues (1999).  Additionally, Kavounoudias et al. (1998) activated the 

cutaneous receptors on the foot sole by vibration and observed that this perturbation caused 

centre of pressure (COP) excursions in standing subjects. These observations provide evidence 

that cutaneous receptors can supply the CNS with information regarding the body’s position 

relative to external objects and the amount of force or pressure required to control tasks such as 

grip force and posture.      

  

1.6.5.2 Proprioception 

 There is a growing body of work that suggests a large role for cutaneous receptors in 

proprioception (movement and position sense).   Indirect evidence arose when in spite of the 

removal of muscle and joint afferent information from the fingers, proprioception remained 

intact likely due to the input from skin (Moberg 1983, Clark et al. 1989).  Other work utilizing 

microneurography provided evidence that low-threshold cutaneous receptors in both the glabrous 

and hairy skin of the human hand responded to movements of the fingers and hand (Hulliger et al. 

1979, Edin and Abbs 1991).  Further work by Edin and Johansson (1995) provided evidence that 

skin strain patterns associated with movement provide specific information about the joint 

configuration rather than simply signaling skin deformation.  These researchers, as well as 

Collins and Prochazka in 1996, discovered that applying mechanical stretch to the skin over and 

around the joints of the fingers and hand resulted in illusory movements suggesting cutaneous 

receptors play a role in proprioception.  However, Collins and Prochazka (1996) also observed 

that muscle vibration caused a stronger and more reliable illusory movement leaving them to 

conclude that input from the muscle spindles provides the predominant source of proprioceptive 

input.  Studies directly measuring the response of single cutaneous afferents to movements have 

provided insight as to how skin may code for movements at the joints and contribute to 

proprioception and these will be addressed in the following sections.   
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1.6.6 Microneurography: How do Cutaneous Receptors Contribute to Proprioception? 

1.6.6.1 Afferent Response to Movement 

 In 1979, Hulliger and colleagues observed that cutaneous receptors in the glabrous skin 

of the hand responded to isotonic movements of the fingers.  This was the first study to utilize 

microneurography to record movement-related responses of skin receptors, and this sparked the 

debate as to whether or not skin plays a functional role in detecting or coding movement at the 

joints.  Since then, the majority of the work exploring this area has focused on the hairy skin due 

to its prevalence relative to glabrous skin and because it covers most of the major joints in the 

body.  Researchers have also suggested that physiologically, hairy skin is more suited to 

detecting joint movement as it lacks the tight connections to subcutaneous tissues that are 

characteristic of the glabrous skin (Edin 1992).  This allows the hairy skin to be stretched more 

readily in response joint movement (Edin 1992).  Additionally, the high representation of SA 

receptors increases its sensitivity to stretch which appears to be the prominent stimulus 

associated with movement (Edin and Abbs 1991, Edin 1992).  The use of microneurography has 

provided evidence that single cutaneous afferents respond to movement in the hairy skin 

surrounding the finger and wrist joints (Edin and Abbs 1991, Edin 1992, Grill and Hallett 1995) 

the knee (Edin 2001) and the ankle (Aimonetti et al. 2007).  

       

1.6.6.2 Dynamic and Static Sensitivity 

     Cutaneous receptors in the hairy skin, especially the slowly adapting, display a high 

dynamic sensitivity to movement-associated stretch.  Cutaneous units (92% of those recorded) 

from skin on the dorsum of the hand responded to hand and finger movements that stretched skin 

of their receptive fields (Edin and Abbs 1991).  Fast-adapting units (particularly type I) typically 

responded only to local stretch (i.e. only to movement of the joint over which they were located) 

whereas SA units (type I and II) responded to remote stretch caused by movement at multiple 

joints (Edin and Abbs 1991).  Similar results in the leg reported that SA units located near the 

top of the thigh as far away as the hip responded to movement at the knee joint (Edin 2001).  

Interestingly, as a whole, receptor location was not correlated with the sensitivity to joint 

movement (Edin 2001).  Grill and Hallett (1995) measured the dynamic sensitivity of SA II 

afferents in the dorsum of the hand to passive finger movements and found that firing rate 

increased linearly with joint angle.  These authors also found that increasing the velocity of the 
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movements increased the dynamic sensitivity of the afferents in a similar manner to primary 

spindle afferents, suggesting that velocity information could be garnered from both SA II and 

spindles.    

 During a controlled experiment of skin strain, Edin (1992) determined that SA I and SA 

II units displayed static strain sensitivity to imposed stretching. During incremental stretch of the 

skin on the dorsum of the hand, the units increased their firing in response to increased amplitude 

of stretch.  SA II units displayed a higher static strain sensitivity than SA I while FA (type I or II) 

units showed no evidence of a static response. The static response of skin units to passive finger 

movements observed by Edin and Abbs (1991) were roughly proportional to the amount of 

flexion at the joints. Edin (2001) also found that cutaneous receptors located on the thigh and 

knee encoded knee joint angle with their neural discharge during passive knee movements. These 

experiments indicate that cutaneous receptors are capable of coding for joint position, primarily 

based on the discharge of slowly-adapting receptors in response to skin stretch caused by joint 

rotation. 

 

1.6.6.3  Directional Sensitivity 

 Previous studies have determined that cutaneous receptors are sensitive to direction of 

movement in as much as they respond preferentially to motion in a particular plane.  For hinge 

joints such as the finger or the knee, units discharge in response to the direction of motion that 

caused stretching of the skin over their receptive field (Edin and Abbs 1992, Edin 2001).   For 

example, a unit on the anterior aspect of the thigh discharged during knee flexion but was silent 

during knee extension (see figure 2A of Edin 2001).  A unit that was situated more laterally 

discharged in response to knee extension but was silenced during knee flexion (see figure 2B of 

Edin 2001).   

 The firing response becomes more complex when considering multi-directional joints 

such as the wrist and ankle.  Aimonetti et al. (2007) examined cutaneous receptors on the 

anterior and lateral aspects of the lower leg and foot and determined that as a population, 

cutaneous units in each respective skin area responded to a preferred range of movements.  

Within this range, there was one direction of movement to which they were maximally 

responsive, a ‘preferred direction’.  The authors suggest that this directional coding of the 

cutaneous receptors could provide information about the type of movement occurring at the 
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ankle.  Wu et al. (1998) observed clusters of SA II units in several areas of hairy skin, and in the 

majority of the pairs, one unit was silent and the other discharged at rest.  Additionally, the units 

had overlapping receptive fields but responded optimally to stretch in different directions.  The 

authors suggested that it is the combined input from the groups of SA II that may relate 

comprehensive information to the CNS regarding skin deformations.         

 In summary, there are differences in receptor characteristics and distribution between and 

within glabrous and hairy skin.  The abundance of type I receptors in the fingertips reflect their 

sensory role of fine tactile discrimination.  The higher proportion of SA II units in the hairy skin, 

indicate a higher sensitivity to skin stretch, perhaps indicating its role in detecting the stretch 

associated with joint movements (please refer to Table 1.2 for a summary of skin receptor 

characteristics).  These studies provide evidence that cutaneous receptors are capable of 

providing high fidelity information with respect to joint movements such as direction, position 

and velocity.  However, it remains unclear to what extent the CNS may utilize this information 

for proprioception and the control of movement and how these cutaneous signals may or may not 

be integrated with the input arising from muscle spindles.   
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Table 1.2: Summary of skin receptor characteristics 
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1.7 Interaction of Muscle and Cutaneous Receptors 

 The previously described studies demonstrate that both muscle and cutaneous afferents 

can provide proprioceptive input to the CNS however, the relative contribution of each system 

remains unclear. In early studies it was originally suggested that cutaneous afferents provide 

general, central facilitation to all afferents involved in proprioception (Provins 1958, Gandevia 

and McCloskey 1976).  However, since the activation of cutaneous receptors alone (through skin 

stretch) can produce illusory joint movements (Edin and Abbs 1991, Collins and Prochazka 1996) 

they are liable to play a more specific role in proprioception. It is improbable that proprioceptive 

channels work in isolation in signaling joint motion; more likely, all afferent channels work 

together to provide a comprehensive picture of movement.  Thus, it is important to determine 

how cutaneous and muscle receptor input is combined and implemented into proprioceptive 

feedback to the CNS. 

 

1.7.1  Functional Evidence for Integration of Cutaneous and Muscle input 

 The majority of research to date that has determined the proprioceptive roles of both 

muscle and cutaneous receptors has involved artificial stimulation of each afferent channel to 

quantify the illusory movements generated.  For muscle receptors, this has involved muscle or 

tendon vibration (Goodwin et al. 1972, Roll and Vedel 1982) which, through the activation of 

muscle spindle endings, results in the illusion of muscle lengthening. To probe the cutaneous 

contribution, vibration or stretch is applied to skin overlying a joint which causes the perception 

of joint motion (Edin and Abbs 1991, Collins and Prochazka 1996).  As a natural progression, 

studies investigating combined inputs of muscle and cutaneous receptors have applied a 

combined stimulus to subjects in order to observe the perceived effects of both afferent channels 

on joint proprioception.  

  

1.7.1.1 Combined stimulation to passive joints  

 Collins and associates (2000) applied cyclic tendon vibration to the finger extensor 

muscles which evoked the sensation of flexion and extension patterns. Subjects were unable to 

see the experimental hand and were asked to match the perceived movement with their opposite 

hand.  When these vibratory bursts were combined with cutaneous input through skin stretch, the 
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evoked movement sensation became stronger and more resolute.  In many cases, it allowed the 

subjects to identify the specific joint that was receiving the stimuli.  Similar specification was 

observed when low-level electrical stimulation of the skin was applied to the same regions as the 

stretch.  The most focal sensations were produced when stretch was applied to the dorsal aspect 

of the finger and compression applied to the ventral side, as would be experienced in natural 

finger movements.  This suggests that a role of skin in the hand may be to identify which finger 

is moving. The possibility exists that such a defined role of skin is unique to the hand, given that 

spindles coding for finger movements are housed in the forearm and not ideally located to code 

for specific finger movements. However, in subsequent studies, these findings were extended to 

other joints of the body (Collins et al. 2005) including the elbow and the knee.  Vibration was 

applied to the elbow and knee extensor muscles causing the illusion of joint flexion. Cutaneous 

receptors were activated by applied stretch that mimicked the strain patterns associated with joint 

flexion.  When skin stretch and muscle vibration were applied together, the magnitude of the 

illusory movement was greater (15-20 degrees of perceived flexion) than with either vibration or 

skin stretch alone (5-10 degrees of perceived flexion).  The size of the illusion was graded to two 

levels of skin stretch, strong and weak. The illusory movements were larger in response to strong 

stretch and smaller for weak, and this relationship was observed whether the skin stretch was 

applied independently or in combination with muscle vibration. The larger illusory movements 

experienced during skin stretch and muscle vibration suggest that the CNS utilizes the combined 

inputs of cutaneous and muscle receptor input for joint proprioception.   

 

1.7.1.2 Combined stimulation in active joint    

 Cutaneous and muscle receptor behaviour was also investigated by Kavounoudias and 

colleagues in standing humans (2001).  Vibration was applied to the TA muscle and the skin of 

the foot sole both independently and in combination. When applied separately, each perturbation 

resulted in center of pressure (COP) displacement directed forward when the anterior foot sole 

was stimulated and backward in response to TA stimulation.  The combined stimulus resulted in 

a sensory conflict as both stimuli provoked an oppositely-directed COP excursion.  The direction 

of COP displacement varied depending on the difference between the frequencies of the two 

vibrations, and the response was consistently in favor of the stimulus applied with the higher 

frequency.  In fact, the COP displacements in the combined stimulus trials were equal to the sum 
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of the independent effects observed when sensory channels were stimulated separately.  The 

authors proposed that afferent information from cutaneous and muscle receptors are co-

processed to maintain optimal joint position during erect stance.  

 The above studies provide evidence that cutaneous and muscle receptor afferent input is 

combined to signal changes in joint orientation and joint motion.  However, in the cat there is 

strong evidence of a further interaction between the two modalities, indicating that cutaneous 

receptors can reflexively activate gamma motor neurons, thus adjusting the sensitivity of muscle 

spindles.               

              

1.7.2   Do cutaneous receptors affect spindle sensitivity? 

1.7.2.1 Evidence in feline preparations 

 The effect of cutaneous feedback onto fusimotor neurons in the cat has been extensively 

examined from initial observations in anesthetized cats (Hunt 1951, Hunt and Paintal 1954) to 

later studies of freely moving animals (Loeb and Hoffer 1985). Although it was clear that low-

threshold stimulation of cutaneous afferents caused strong reflex effects of both dynamic and 

static gamma motor neurons, no clear pattern of effects on spindle discharge was observable 

(Hunt and Paintal 1954, Johansson and Sojka 1985, Johansson et al. 1989). This was most likely 

due to the subsequent discovery of the highly adaptive and task-dependent nature of cutaneous 

feedback on fusimotor effects (Murphy and Hammond 1991, Murphy and Martin 1995, Murphy 

and Hammond 1997, Murphy 1999). A comprehensive summary of effects in a de-corticate 

locomoting feline preparation was presented by Murphy (1999) where it was observed that 

cutaneous effects were dependent on the area of skin stimulated, the task  and the type of gamma 

motor neuron (static or dynamic). Stimulation of the superficial peroneal nerve (skin on the foot 

dorsum) increased static gamma but decreased dynamic gamma drive to ankle extensors at rest. 

For the same cutaneous stimulation during locomotion, reciprocal effects were observed with 

inhibition of static gamma drive (during flexion and extension). Dynamic gamma drive remained 

inhibited during locomotion in response to cutaneous stimulation, but only during ankle 

extension. Stimulation during flexion had no net effect on gamma dynamic discharge.  The same 

pattern of reflex responses was seen for stimulation of the medial plantar nerve (skin on the foot 

pad), except that during locomotion, gamma dynamic was facilitated during ankle flexion. The 
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authors suggest that cutaneous contribution to fusimotor control in the hind limb of cats is 

“indicative of an adaptive control system whose net effect and function alters with prevailing 

sensorimotor requirements”.  It is clear at least that differential gamma effects could be expected 

in human subjects depending on, a) the task, b) the area of skin investigated, and c) the inclusion 

of gamma static and/or gamma dynamic activity.   

     

1.7.2.2 Evidence in humans 

 It has been more challenging to conclusively identify cutaneous reflex control of gamma 

motor neurons in humans (Gandevia et al. 1986, Aniss et al. 1988).  Similar to the cat, the effects 

seem to rely largely on the area of skin stimulated, the muscle or limb investigated and the task. 

In an initial series of studies, Gandevia and colleagues found little evidence of cutaneous reflex 

effects on gamma motor neurons of the lower limb during rest (Gandevia 1986) or isometric 

contraction (Aniss et al. 1988). In these experiments researchers recorded from spindle afferents 

innervating pre-tibial muscles of the lower limb and simultaneously stimulated the sural or 

posterior tibial nerve. Some evidence for a cutaneous influence on gamma motor neurons was 

revealed when subjects were standing unsupported (Aniss et al. 1990). In a subsequent 

experiment in the upper limb, cutaneous stimulation of skin on the hand had stronger effects and 

was able to increase gamma dynamic drive to relaxed forearm extensors as evidenced from 

spindle response to tendon taps (Gandevia et al. 1994). This series of experiments (both upper 

and lower limb) supports the view that cutaneous influence on gamma drive is task-dependent 

and introduces the idea of limb-dependence. In addition, although the evidence was sparse, there 

was indirect support for differential effects based on the muscle in which the spindle resides, and 

skin location. During isometric contraction of the lower limb muscles, 4/15 spindles innervating 

the plantar flexors altered their firing in response to sural nerve stimulation (innervating skin 

along the lateral border of the foot) (Aniss et al. 1988). Sural stimulation increased discharge in 

the two spindles innervating the lateral gastroc muscle but decreased discharge of two spindles 

innervating the soleus muscle. In the upper limb, palmar, but not dorsal, cutaneous stimulation 

decreased spindle discharge in two spindles from extensor carpi radialis muscle.  Palmar 

stimulation increased discharge of one spindle in extensor pollicis longus and dorsal stimulation 

increased discharge to one spindle innervating extensor digitorum communis.  



34 

 

 

 

 In summary, the cutaneous effects on gamma drive in human subjects are similar to those 

observed in freely moving cats, in that they are mixed and are not encountered frequently (Aniss 

et al. 1990, Loeb and Hoffer 1985). The task-dependence of cutaneous effects support the 

position of Murphy (1999) that cutaneous effects are adaptive in nature and sub-serve sensori-

motor requirements. Aniss and colleagues (1990) suggest that control over fusimotor changes in 

the human is likely controlled by supraspinal adjustment of the efficacy of spinal reflex pathways, 

depending on the task.   

 

1.8 Passive vs Active movements: rationale for the use of passive movements 

 In the current thesis, two experiments involved movements at the ankle joint. In 

Experiment I, in order to investigate the role of skin in proprioception, a joint matching task was 

used. In Experiment III, ramp and hold movements of the ankle were used in order to activate 

muscle spindles in the plantar and dorsiflexor muscles. In both experiments, passive movements 

were chosen. In Experiment I, the foot was moved passively to a target angle and the 

contralateral foot was moved (also passively) in the same direction at the same velocity (rather 

than having subjects actively move their foot to the target angle or actively indicate the position 

of the target foot). Subjects indicated when they felt their ankles were at the same angle. The 

passive-passive matching task was favoured over an active-active, or passive-active paradigm in 

order to a) eliminate fusimotor drive linked with alpha motor neuron activation, b) to limit the 

thixotropic effects associated with active contractions, which can alter spindle sensitivity (Jahnke 

et al. 1989), and c) to ensure participants relied on peripheral cues rather than centrally-generated 

motor commands that are known to contribute to movement and position sense (Smith et al. 

2009). It was important to the experimental question that fusimotor changes to spindle sensitivity 

remain as controlled as possible between conditions, in order to attribute changes in matching 

performance to the reduction of skin input.  

 The aim of Experiment III was to determine if a reduction in skin input influenced 

spindle sensitivity. Passive ramp and hold movements were chosen for the same reasons as 

Experiment I, but largely to eliminate alpha-linked fusimotor drive and to limit thixotropic 

effects. It was of particular importance in this experiment to constrain the potential influence 

over fusimotor control from other sources in order to determine that any change in spindle 
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sensitivity observed was solely from the reduction to cutaneous input. For these reasons, an 

additional measure was taken in Experiment III to limit the proprioceptive nature of the 

movement. The movement was not associated with a matching task, as this could potentially 

alter fusimotor drive from supraspinal control. We cannot be certain that supraspinal input to 

fusimotor drive was consistent across trials, however participants were instructed not to focus on 

any particular part of the movement and no matching task was included.  

 The experimental questions in the thesis were best answered with passive movements, 

but it could be argued that passive movements are not as functionally relevant as active ones that 

would be experienced during voluntary actions. However, it is important to consider the idea put 

forth by Cordo et al. (2011) that “not all movements in our daily activities are completely active 

because, in some movements, gravitational and inertial forces act on the joints in a functional 

manner.”  Nonetheless, future work should extend the current observations to determine if these 

findings translate to more active scenarios.  
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 CHAPTER 2 Experiment I: Skin sensory information from the dorsum of the 

foot and ankle is necessary for proprioception at the ankle joint  

(Published: Neuroscience Letters 2010; 485:6-10) 

 

2.1 Introduction 

 The primary sensory receptors involved in proprioception; defined as the sensation of 

movement and position of the segments (Bastian 1887, Proske 2006) are muscle, skin and joint 

receptors (Burke et al. 1988). Muscle spindles play a large role in proprioception and provide 

information about muscle length changes, while joint receptors respond primarily at the end 

ranges of movement (Burgess and Clark, 1969) and thus have been prescribed a more protective 

rather than kinesthetic role at most joints. The specific function of skin receptors in 

proprioception is not as well established. Early evidence of a potential proprioceptive role of skin 

is based on impaired movement sensation when skin is anesthetized (Ferrell and Smith 1988, 

Gandevia and McCloskey 1976, Refshauge et al. 1998). The emergence of microneurographic 

studies determined that single afferents from the non-glabrous skin respond to movement of the 

fingers and wrist (Edin and Abbs 1991, Grill and Hallett 1995) the knee (Edin 2001) and the 

ankle (Aimonetti et al. 2007) indicating these receptors could provide movement cues. 

Additional evidence stems from studies in which receptors in the skin are activated via stretch. 

Similar to muscle spindle activation by tendon vibration (Goodwin et al. 1972) the application of 

skin stretch evokes movement illusions at the finger, elbow and knee joints of subjects (Collins 

et al. 2005, Edin and Johansson 1995). These important findings provide support that skin 

receptors are capable of providing clear kinesthetic cues for proprioception at several joints 

across the body.  

 The evidence to date has been shown primarily in the upper limb and the knee joint 

(Collins et al. 2005, Edin 2001, Refshauge et al. 1998). A minimal number of studies have 

examined the kinesthetic role of skin at the ankle. It is imperative to consider the role of skin at 

this joint in light of the ankle’s important role in balance control in standing (Winter et al. 1998) 

and its dynamic function during gait (Winter 1991). In one other study, augmented cues from the 

skin surrounding the ankle, provided by strips of tape, improved joint position accuracy 

(Simoneau et al. 1997). This provides evidence that increasing skin input can enhance joint 

position sense. What remains to be determined is whether ‘regular’ or naturally occurring cues 
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from the skin are necessary for accurate position sense at the ankle. Microneurographic 

recordings have shown that receptors located in the skin on the ankle and lower leg respond to 

movements of the ankle (Aimonetti et al. 2007). Most notably, they respond in a markedly 

similar manner to spindles from the underlying muscle; they exhibit directionally sensitive 

changes in firing rate with passive ankle movement. This finding could indicate a 

complementary role of the two sensory inputs (muscle and skin) in proprioception. Conversely, 

the similarity of the afferent response of skin and muscle receptors below the knee could also 

suggest a redundancy between the two sensory systems. What remains to be determined is 

whether a ‘baseline’ level of skin input is necessary during a task that requires accurate 

kinesthetic information. 

 The purpose of the current study was to determine whether non-glabrous skin across the 

ankle joint plays an integral role in proprioception. To address this objective, we examined the 

ability to accurately match the angular positioning of the ankle joint following a reduction in skin 

input from the dorsum of the foot, across the ankle. The use of a passive matching task ensured a 

kinesthetically similar task across conditions; a similar level of fusimotor activation was 

maintained and efferent cues that accompany active movements were limited (Smith et al. 

2009).We hypothesized that when the sensory information from the skin is reduced the matching 

accuracy of the ankle position is reduced.  Previous work by Aimonetti et al. (2007) showed that 

skin receptors on the dorsum of the ankle respond preferentially to plantarflexion. Therefore, we 

further hypothesized that accuracy is impacted most for plantarflexion movement.  

 

2.2 Experimental Procedures 

2.2.1 Ethical Approval 

 All subjects provided informed written consent prior to each experiment session. Ethics 

were approved by the Research Ethics Board of the University of Guelph and all procedures 

complied with the Declaration of Helsinki.  
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2.2.2 Participants 

 Twenty healthy subjects participated in the study. Fifteen subjects (8 male, 7 female; age 

18–28 years) completed the experimental testing. An additional group of five subjects (3 male, 2 

female; age 22–28 years) participated in a control experiment that examined the effect of trial 

presentation order. All subjects were free from neuromuscular disorders and had not experienced 

any previous ankle injuries.  

2.2.3 Experimental Set-up 

 Two testing blocks were completed; the first block of matching trials served as the 

control, then following anesthetization of the skin on the foot dorsum, matching trials were 

repeated in a second block (anesthetized trials). Subjects’ feet were secured into two moveable 

foot pedals (Figure 2.1A). The knee was maintained at a relative angle of 115–120°. The foot 

was secured by three adjustable contact points designed to minimize foot contact: a foam heel 

cup and two foam-lined metal brackets that were aligned to the first and fifth metatarsal heads 

(Fig. 1B). Ankle angular position was recorded using two goniometers (Biometrics Ltd., Gwent, 

UK) centered across the ankle joint axis of rotation. Prior to testing, a manual goniometer was 

used to evaluate/calibrate the accuracy of the electrogoniometer which was confirmed to be 1° 

within a range of 90°. All movements in the present study fell within this range. The pedals were 

moved by the experimenter to four target angles: 7° of dorsiflexion (DF), 7° of plantarflexion 

(PF), 14° of PF and 21° of PF using feedback from the goniometer (ankle movement during 

testing was 41% of subject range of motion). The target angles were measured from a neutral 

position (0°) that was systematically determined for each subject as the ankle position they 

identified as neither dorsiflexed nor plantarflexed. Throughout testing subjects were instructed to 

‘imagine their feet in space’ and focus only on matching the angular position of their ankles. The 

feet were moved in the pedals  at velocities less than 5°/s, with the average of 2.3°/s (± 0.5°/s), 

determined post hoc using the angular displacement recorded by the goniometers and the time of 

the movement.  
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Figure 2.1: A) Photograph of the experimental set up.  Shown in the photo are the two identical foot 

pedals, the placement of the electromyography electrodes and goniometers on the left (target) leg. B) A 

top-down view of the foot pedal, displaying the adjustable foam contact points with the foot.  C) 

Schematic diagram of area of anesthetization on the foot dorsum. X’s indicate where skin sensory 

thresholds were measured.    
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2.2.4 Ankle Movement 

 During testing the left ‘target’ ankle was passively rotated to a target angle and held. The 

right ‘matching’ ankle was then passively rotated in the same direction and the subjects verbally 

indicated when they felt their ankles were aligned. Subjects were allowed to make one or two 

small adjustments to their matching ankle (through verbal feedback) to maximize the accuracy of 

the matching. Following each trial the ankle was returned, by the experimenter, to the neutral 

position. Five repeats of each target angle (four target angles) were randomly presented (total 20 

trials per block; anesthetized or control). 

 Following the control block, topical anesthetic was applied to a 30 cm
2
 area of skin the 

target foot and ankle (left limb) (Figure 2.1C). The topical anesthetic (EMLA®, Astra Zeneca; 

2.5% lidocaine, 2.5% prilocaine) was applied in a thick layer to the skin and covered with 

Tegaderm® dressing. Skin sensory thresholds of two points within the anesthetized area were 

measured using standardized nylon monofilaments (von Frey hairs) that apply a known amount 

of force when applied perpendicular to the skin to the point of buckling (SENSELab 

aesthesiometer, Somedic Sweden). Two similar points were also measured on the control ankle. 

Sensory thresholds were determined as the lowest monofilament that the subject could correctly 

perceive at least 80% of the time using a modified ‘yes–no’ method (Diamond et al. 1989). The 

anesthetic was left on until the desired level of anesthesia was reached or until a maximum time 

of 2 h elapsed. The desired level of anesthesia was determined as a threshold similar to that used 

to characterize peripheral neuropathy (>10 g, monofilament #15; Holewski et al. 1988). During 

the anesthetic application time, sensory thresholds were re-assessed every 30 min to determine 

whether the desired level of anesthesia had been reached.  

 In order to ensure that the movements were passive, muscle activity of the soleus and 

tibialis anterior muscles was measured bilaterally using surface electromyography (EMG).  All 

EMG signals were bandpass filtered (10–1000 Hz) amplified by 1000 (AMT-8, Bortec 

Biomedical, CAN) and digitized at a sampling rate of 2000 Hz (SPIKE 2 software version 7; 

Cambridge Electronics Design, UK). Raw EMG traces were visually inspected both on- and 

offline for any visible muscle activity. In the few instances where subjects were unable to 

eliminate a background level of muscle activity, EMG signals were full-wave rectified and 

averaged during the movement of the ankle to the target in each trial to ensure that the 

background activation was consistent between control and anesthetized trials.  
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2.2.5 Data Analyses 

 The angle of the matching ankle (right) was recorded for each trial. Measures of 

matching ability were evaluated as the following variables: Direction error (DE) is the difference 

between the matching angle and the target angle. DE was calculated to determine whether 

subjects were over (positive) or undershooting (negative) the target angle. Absolute error (AE) is 

the absolute value of the DE and measures subjects’ accuracy. Variability (VAR) is the standard 

deviation of the five matching angles from one block of trials and was used as a measure of task 

difficulty.  

 In order to ensure that findings were due to the decrease in skin sensory information and 

not the fixed order of trials (control followed by anesthetized trials) a small group of subjects 

were tested without using the anesthesia. Five subjects completed the identical protocol as in the 

experimental testing but topical anesthetic was not applied in the second set of trials. Subjects 

were required to wait 2 h between the two blocks of matching trials (similar to time for 

anesthetic application) in order to ensure that no changes resulted from the wait.  

 Statistical analyses were performed to assess the influence of reducing skin sensation on 

ankle joint position sense using dependent variables DE, AE and VAR. Two-way repeated 

measures ANOVAs (Anesthetization (2) X Angle (4)) were performed to compare within-subject 

effects. Data were tested for sphericity using Mauchly’s test, and corrected using a Huynh–Feldt 

adjustment when necessary. Pre-planned comparisons between control and anesthetized trials for 

each target angle were conducted using Fisher’s LSD test. In order to assess whether velocity of 

movement was consistent for all trials, a three-way repeated measures ANOVA (Anesthetization 

(2) X Angle (4) X Ankle (2)) was performed. Finally, to determine whether the degree of 

anesthetization (determined by monofilaments) influenced the change in absolute error from pre 

to post-anesthetic trials, a linear regression was performed to calculate a coefficient of 

determination (R
2
). For all tests, significance was determined at p≤0.05. 

 

2.3 Results 

 At baseline, there was no difference in skin sensitivity between the target and matching 

foot. About 11 out of 15 subjects reached the target level of anesthesia (monofilament # 15, 17 g 

of force) for the skin on the upper ankle. It was more difficult to reach the target level for the 



42 

 

 

 

skin on the lower ankle, with only 5 out of 15 subjects reaching target levels. The average 

sensitivity thresholds for the upper and lower ankle were 17 g and 5.1 g, respectively. Regression 

analyses revealed no significant relationship between level of anesthesia and changes in AE, DE 

or VAR (p > 0.05).  

 Absolute error (AE) was a measure of how accurate subjects were in the matching task. 

On average, in the control trials subjects were able to match their ankle position to within 

approximately 2°. A main effect of anesthesia was found and AE increased significantly, on 

average, to 3° when the skin was anesthetized (F1,14 = 35.489, p = 0.0001). A significant 

interaction effect was not observed (F2,23 = 3.140, p = 0.07) and pre-planned comparisons of 

anesthetization effects at each angle determined that AE significantly increased at all four target 

angles (p = 0.05) Figure 2.2A).  

 Direction error (DE) was calculated by subtracting the target angle from the matching 

angle. Therefore a negative value indicates that subjects undershot the target angle while a 

positive value indicates an overshoot. DE revealed that subjects tended to undershoot the target 

angle (Figure 2.2B). The main effect of anesthetization was nearly significant (p = 0.055), 

suggesting that overall, subjects tended to undershoot the target angle to a greater degree when 

the skin on the foot dorsum was anesthetized (F1,14 = 4.379, p = 0.055). A significant interaction 

effect was found for anesthetization and angle (F3,32 = 3.625, p = 0.033) and post hoc tests 

revealed significant effects of DE for the target angle of 21° PF (p = 0.05). Subjects undershot 

the 21° PF target angle by 3° on average in the control trials whereas they undershot by 5° in the 

anesthetized trials.  

 Variability (VAR) assessed the difficulty of the matching task and indicated that subjects 

were more variable in the matching task after skin sensation was reduced (Figure 2.2A). A 

significant main effect of anesthesia revealed that VAR was greater in the post-anesthetic trials 

(2°) compared to the control trials (1°) (F1,14 = 10.403, p = 0.006). Although no significant 

interaction effect was found, pre-planned comparisons of anesthetization effects at each angle 

revealed that subjects were significantly more variable for 7° DF and 21° PF (Figure 2.2C). 

 Not surprisingly, a main effect of angle was found for all three variables (AE, F2,23 = 

20.159, p = 0.0001; DE, F2,29 = 22.329, p = 0.0001; VAR, F3,42 = 10.403, p = 0.003) suggesting 

that on the whole accuracy decreased with larger target angles and variability increased with 

larger target angles (c.f. Bevan et al. 1994). Pairwise comparisons with Bonferroni corrections 
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for multiple comparisons revealed that AE was greater for the target angle 21° PF compared to 

the other three target angles (p < 0.05), although all angles showed the reduced accuracy with 

anesthetic. DE was significantly greater for the two largest angles (14° and 21° PF) compared to 

7° DF or 7° PF (p < 0.05). Similar relationships existed for variability of matching angles. The 

variability at the two largest target angles (14° and 21° PF) was significantly greater than the 

variability recorded for 7° DF (2°, 2° >1°, respectively; p < 0.05)).  

 Background EMG activity was observed in only 4 out of 15 subjects, and was consistent 

between control and anesthetized trials (target limb F1,15 = 0.00, p = 1.0, matching limb F1,15 = 

0.025, p = 0.876). No significant differences were observed between movement velocities in 

control trials compared to anesthetized trials (F1,14 = 0.06, p = 0.938). These findings indicate 

that differences in matching variables between control and anesthetized trials are not attributable 

to differences in muscle activity or systematic differences in velocity of movement. In the five 

subjects that were tested for the effects of trial order no significant differences were found 

between the first and second matching tasks for AE (F1,4 = 0.087, p = 0.782) and DE (F1,4 = 

1.370, p = 0.307). Although the effects were not significant, VAR tended to decrease in the 

second set of matching tasks, from 1.3° to 1.1° (F1,4 = 5.647, p = 0.076), suggesting that subjects 

were becoming less variable in their matching performance during the second set of matching 

trials.   
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Figure 2.2 A) Absolute Error: Subjects were 

significantly less accurate in a passive ankle 

matching task when skin sensation was 

reduced on the dorsum of the target ankle 

(p<0.0001). This relationship was significant 

across all four target angles (p=0.05). B) 

Direction Error: Subjects tended to undershoot 

the target angle more with a reduction in skin 

sensation. This relationship was significant at 

21° of plantarflexion (p=0.05). Direction Error 

was calculated by subtracting the recorded 

angle of the matching ankle from the angle of 

the target ankle. C) Variable Error: When skin 

sensation was reduced, variability of matching 

angle was increased (p=0.006). This 

relationship was observed across all four 

target angles, and was statistically significant 

at 7˚ of dorsiflexion and 21˚ of plantarflexion. 

Significance was determined at p≤0.05 and is 

indicated by an asterisk (*); data shown in A-

C are pooled for all subjects. 
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2.4 Discussion 

 Skin sensation is important to proprioception at the ankle. This is evidenced by decreased 

accuracy and increased variability observed for an ankle joint matching task when skin sensation 

was reduced. These results support our hypotheses and are the first of their kind to show that a 

reduction of skin information at the ankle results in compromised proprioception at this joint. 

Previous work has shown that enhancing sensory cues to skin by applying tape on the ankle 

increased joint matching accuracy (Simoneau et al. 1997). These previous results show that the 

central nervous system is able to capitalize on extra cues from the skin to improve proprioceptive 

performance. Our results show that a baseline level of skin information is required for accurate 

ankle joint proprioception and a loss of skin sensation is not entirely compensated for by other 

sensory inputs such as muscle spindles or joint receptors. Similar importance of skin has been 

shown in the upper limb (Ferrell and Smith 1988, Gandevia and McCloskey 1976, Refshauge et 

al. 1998).  

 Based on our results the loss of sensation from skin surrounding the ankle may have a 

functionally relevant impact on tasks that rely on ankle proprioception. For example, during 

walking, the foot clears the ground by an average of 0.55 cm (Winter 1991). Although small, 

changes of 1° or 2° at the ankle, similar to the changes in accuracy observed in the current study, 

could result in toe positional changes of 0.5–0.88 cm. This may increase the likelihood of foot 

contact with the ground or an obstacle and result in tripping during locomotion. The range of 

angles used in the current study (7° of dorsiflexion to 21° of plantarflexion), although it does not 

apply to standing balance, is functionally relevant as they fall within the typical ankle range of 

motion seen during walking and obstacle avoidance (Chou and Draganich 1997, Winter 

1991).We saw a significant decrease in accuracy across all angles, including the smallest angle 

of 7°, suggesting a role for skin in the detection of even very small ankle adjustments.  

 The importance of skin to ankle joint proprioception becomes even more apparent 

considering the relatively small area of skin that was anesthetized in the current study. A patch of 

skin 30 cm
2
 on the front of the ankle was anesthetized while the rest of the skin, as well as 

muscle receptors remained intact. This at first appeared to be a substantial limitation (based on 

the allowable area for anesthetization). However, significant and functionally relevant changes 

were observed, which suggests that larger losses of sensory information, such as those associated 

with peripheral neuropathies, may result in substantial errors in ankle position that could result in 
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even greater disturbances to posture and balance. Previous unpublished data from our lab 

suggests that even a healthy elderly population (aged 73–92 years) shows a markedly significant 

decline in skin sensitivity (measured using monofilaments) compared to young adults with 

sensitivity changes spanning large sensory regions from the dorsum of the feet to the front of the 

legs just below the knee (see Figure 5.1).  

 Accuracy and variability were influenced by anesthetization during both plantarflexion 

and dorsiflexion movements, contrary to our proposal of changes in the plantarflexion direction 

only. A possible explanation for this could be that both skin stretch (associated with 

plantarflexion) and skin compression (associated with dorsiflexion), are important sensory cues 

during movement. While stretch-sensitive, slowly adapting type II skin receptors may be 

important in detecting skin stretch related to motion (Edin and Abbs 1991, Grill and Hallett 

1995), other skin receptors such as slowly adapting type I (SA I) or fast-adapting type I (FA I) 

receptors may code for skin deformation or compression. There is little evidence to date to 

indicate that FA I and SA I receptors in the lower leg are responsive to ankle movements. In a 

study by Aimonetti et al. (2007) they found only 3/24 FA I and 2/21 SA I that responded to ankle 

rotations. The authors note however, that over half of all the units recorded in the experiment 

were not responsive to movements, but that some became responsive when larger displacements 

were imposed. The movements used in the current study were comparatively larger which may 

have evoked a response from a larger population of skin receptors.  

 It is imperative to understand skin’s role in accurate ankle joint control considering the 

numerous populations that experience decreases in skin sensation, such as patients with diabetes, 

stroke, peripheral neuropathy and even healthy elderly. These populations already face 

challenges to their posture and balance and a loss of skin sensation may further threaten stability 

in these individuals. The findings of the current study provide a foundation upon which the full 

understanding of the proprioceptive role of skin will be built. 
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2.5 Bridge Summary 

The reduction of skin sensation over the ankle joint in the current study resulted in decreased 

accuracy and increased variability in a matching task. This provides evidence that skin on the 

ankle is integral to proprioception. Both dorsi- and plantarflexion angles were influenced 

suggesting that stretch and compression of skin may be important for proprioception at this joint. 

It is necessary to determine the extent to which the central nervous system uses skin inputs 

independent from, or in conjunction with, other proprioceptive sources. It is possible that rather 

than having a direct effect on proprioception the role of skin is to influence the sensitivity of 

muscle spindles, as evidenced in the cat (Johansson et al. 1989), lower limb (Aniss et al. 1990) 

and upper limb of humans (Gandevia et al. 1994). Experiment III targets the latter question by 

examining the response of muscle spindles to ramp and hold movements when skin input is 

reduced.  

 Ideally, in Experiment III, the same topical anesthetic would be used as in Experiment I  

however the lengthy time often associated with absorption of the anesthetic (1-2 hours) is not 

suitable for microneurographic recording sessions. Cooling the skin is an efficient and quickly 

reversible (through heating) method of reducing skin input. It is commonly used as a way to 

probe the functional role of skin (Magnusson et al. 1990a, Eils et al. 2002, McKeon and Hertel 

2007) however the extent to which cooling reduces cutaneous afferent input and specifically how 

it influences the four different receptor classes is unknown. Therefore, the following study was 

aimed at investigating the effects of cooling on cutaneous receptor activation.  
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 CHAPTER 3 Experiment II: Cooling reduces cutaneous afferent response to 

natural and vibratory stimuli in glabrous skin of the human foot sole.  

(Submitted: Journal of Neurophysiology, May 7, Manuscript # JN-00381-2012) 

 

3.1 Introduction: 

 In recent years cutaneous receptors have been ascribed an important role in 

proprioception and the control of movement. The four classes of mechanoreceptors found within 

the skin provide high fidelity information about static and dynamic mechanical perturbations 

both perpendicular and tangential to the skin (for review see Macefield 2005). This information 

is manifest not only as tactile cues, but also as cues about the position and movement of the body 

with respect to itself and the environment.   

 Skin on the foot and ankle has a particularly notable role in the control of upright stance 

in humans. We have recently shown kinesthesia at the ankle is reliant on skin afferent 

information (Lowrey et al. 2010); specifically that accuracy of an ankle matching task is 

significantly reduced when skin from the dorsum of the foot and ankle is anesthetized (Lowrey et 

al. 2010). Similarly, cooling the soles of the feet results in reduced postural stability (Stal et al. 

2003, Hong et al. 2007, McKeon and Hertel 2007, Patel et al. 2010) and altered foot pressure 

distribution during locomotion (Nurse and Nigg 2001, Eils et al. 2002). Microneurographic 

studies have shown that individual skin mechanoreceptors from the foot show strong synaptic 

coupling to motor neurons supplying the lower limb (Fallon et al. 2005) and have the ability to 

modulate ongoing muscle activity. This idea is further supported as cooling the foot sole results 

in altered muscle activation patterns in the lower limb during locomotion (Nurse and Nigg 2001).     

 These previous studies, examining joint position sense or postural challenges, have 

elucidated the functional importance of cutaneous receptors by reducing skin sensation via 

anaesthetic, ischemia or cooling. Many studies have adopted cooling as the method of choice to 

reduce cutaneous input, likely due to the reduced cost, ease of administration and the ability to 

reverse the protocol quickly through heating.  The challenge with this method is that it is unclear 

how individual cutaneous receptors are actually influenced by cooling.  This is of particular 

concern given the variability of cooling parameters used. In the literature cooling protocols vary; 

they target a specific skin temperature (absolute or relative), cooling duration, or both.  Cooling 

times range from 5 minutes (Orma 1957), 10 minutes (McKeon and Hertel 2007, Hong et al. 
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2007), 15 minutes (Perry et al. 2000, Hopper et al. 1997) to 20 minutes (Patel et al. 2010, Stal et 

al. 2003). Often, perceptual tests such as monofilament or vibration perception thresholds are 

used to determine the level of aesthesia after cooling (Perry et al. 2000, Nurse and Nigg 2001, 

Stal et al. 2003). One must proceed with caution, however, as it is important to distinguish 

sensory perception (central) from actual skin mechanoreceptor contributions within the 

peripheral circuitry. A lack of input centrally may not be reflective of the degree of afferent input 

that is received at the levels below the somatosensory cortex. Finally, differences in receptor 

location within the skin (either deep or superficial) and adaptive properties of cutaneous 

mechanoreceptors (fast-adapting (FA) vs slowly-adapting (SA)) may render them more or less 

susceptible to the influence of cooling.  

 Several studies to date have used psychophysical testing in the upper limb to indirectly 

investigate the question of how cooling affects individual receptor types  (Schlee et al. 2009, 

Harazin and Harazin-Lechowska 2007, Verrillo and Bolanowski 2003, 1986). In these studies, 

the skin was cooled and changes to subjects’ vibrotactile perceptual threshold (VPT) were 

examined. Since each receptor class is most sensitive to different frequencies of vibration, 

changes in VPT at particular frequencies can be used to infer which receptor type is influenced. 

The common finding of these studies is an increased VPT (or decreased sensitivity) to high 

frequency vibration (100-400 Hz). Since fast-adapting type II afferents (FA II, innervating 

Pacinian Corpuscles) are thought to mediate the perception of frequencies in this range, the 

conclusion has been that these receptors are influenced the most by skin cooling. 

 One way to directly determine how individual cutaneous receptors are affected by 

cooling is to record from their afferent fibers. One study to date has taken this approach and 

recorded from single cutaneous afferents in the lower limbs of human subjects using 

microneurography (Kunesch et al. 1987). In their pioneering study, the authors found that after 

short bouts of cooling, the skin receptor afferent response was reduced in 49/52 recorded 

afferents. Interestingly, of the 3 receptors that were not influenced by cooling, 2 were fast-

adapting type II. This raises an intriguing paradox when compared to the findings of 

psychophysical studies that suggest FA II receptors are the only type influenced by cooling. 

However, it is difficult to draw direct comparisons between the two approaches, since in the 

microneurography study (direct afferent recordings) the afferent response to vibration was not 

investigated rather monofilaments and force application were used to assess threshold changes. 
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Such an interlinking study using microneurography to establish how the afferents respond to 

vibration would provide a means for comparison between perception and activation. 

 Therefore, the aim of the current study was to forge the link between the effects of 

cooling on individual cutaneous receptors and single afferent responses to vibration. We 

recorded from single afferents supplying cutaneous receptors in the glabrous skin of the foot sole 

and cooled the skin of the receptive field using ice. To encompass the large range of cooling 

times seen in the literature to date, we cooled for durations of 2 to 20 minutes. We hypothesized 

that all classes of cutaneous receptors, not just FA IIs, as suggested in psychophysical tests, 

would reduce their response to natural and vibratory stimuli after cooling. In fact, we propose 

that the greatest reduction seen will be in type I receptors, since they are superficially-located 

and therefore more susceptible to the effects of cooling. Drawing the link between cooling and 

single afferent firing is imperative to the validity and interpretation of findings from cooling-

induced methods of anaesthesia to probe the role of skin as a sensory organ. 

 

3.2 Experimental Procedures 

3.2.1 Ethical approval 

 All subjects provided informed written consent prior to each experiment session. Ethics 

were approved by the Research Ethics Board of the University of Guelph and all procedures 

complied with the Declaration of Helsinki.  

 

3.2.2 Participants 

 The investigation consisted of 64 recording sessions performed on 36 subjects (age 21-32 

years; 21 M, 15 F). Participants were free from any neurologic or musculoskeletal disorders. 

 

3.2.3 Experimental Set-up 

 Participants lay prone on an adjustable treatment table. All experiments were performed 

on the subject’s right leg which was secured to an inflatable versaform positioning pillow 

(Tumble Forms Inc, USA). Percutaneous stimulation was applied to the back of the knee to 

determine the approximate location of the tibial nerve at the level of the popliteal fossa (1 ms 
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square wave pulse, 1 Hz, 0-10 mA; Grass S48, GRASS Instruments, USA).  Stimuli were 

delivered via a probe, and a surface electrode (Ag/Ag Cl) attached to the patella of the right knee 

served as the reference.  Successful stimulation of the nerve was indicated by observable muscle 

twitches in the appropriate plantar flexor muscles (soleus, medial and lateral gastrocnemius) and 

subject-reported cutaneous parasthesia down the leg and into the plantar surface of the foot. The 

electrode insertion location was chosen as the area where the largest twitch responses were 

observed at the lowest stimulation current.  The reference electrode (un-insulated, tungsten, 200 

μm diameter, FHC Inc.) was inserted 1-2 cm medial to the recording site, and rested 

approximately 5 mm under the skin.  The recording electrode (10MOhm insulated, tungsten, 200 

μm diameter, 1-2 μm recording tip, 55 mm length, FHC Inc.) was inserted through the skin at the 

determined recording site. Audio feedback of the nerve signal was used to establish nerve 

penetration during the initial searching movements (along with subject feedback). Once the 

neural activity was detected, fine manipulations of the electrode coupled with auditory feedback 

from the activation of the skin receptors via tapping and stroking the skin were used to isolate 

and identify single cutaneous mechanoreceptive afferents.  Neural recordings were amplified (X 

10 kHZ) and filtered (300 – 3000 Hz, ISO-180, World Precision Instruments, USA) digitally 

sampled (40 kHz) and stored for analyses (CED 1401 and Spike 2 v6.0, Cambridge Electronic 

Design, UK).     

 

3.2.4 Method 

 Single, mechanoreceptive cutaneous afferents were categorized using previously 

described criteria (Johansson and Vallbo 1979). Briefly, afferents were determined as FA if they 

rapidly adapted (only responded to on and off stimuli) to a mechanical indentation over their 

receptive field and SA if they continually responded to a sustained indentation. Afferents were 

further classified as Type I or II based on receptive field properties. Type I afferents were 

characterized by small, well-defined receptive fields, while Type IIs were defined by larger 

receptive fields with diffuse borders. The mechanical threshold of each receptor was measured 

using von Frey Hairs (Semmes–Weinstein Monofilaments). Receptive fields were determined 

using a monofilament thickness of 4-5 x threshold.  SA II receptors were also defined by 

sensitivity to skin stretch.   
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 In general, the experimental paradigm proceeded as follows: baseline firing response to 

vibration was established after which the receptive field of the mechanoreceptor was cooled with 

ice. After cooling, the mechanoreceptors were allowed to return to baseline 

temperature/sensitivity naturally. When a plateau in temperature (below baseline) was reached, 

heat was applied over the receptive field with a heat pack. Vibration was applied throughout the 

natural re-warming phase in order to capture the recovery profile of the receptor. Temperature 

was recorded immediately post cooling and after each vibration application (Figure 3.1). 

 

3.2.5 Afferent Activation 

 Sinusoidal vibration of the cutaneous mechanoreceptors was applied perpendicular to the 

skin overlying the receptive field using a probe (2-6 mm diameter tip) attached to a servo-

controlled, mini-shaker (model 4810, Bruel and Kjaer, Denmark). The vibration ‘profile’ 

consisted of 5 seconds of vibration, with each vibration burst separated by at least 2 seconds of 

rest. Frequency and amplitude of vibration were chosen to optimize the response of the unit and 

aimed to elicit at least a 1:1 firing response (i.e. one action potential for each indentation of the 

probe). Initially, a target frequency was used based on previously established criteria from the 

hand (Johansson et al. 1982). Frequency and amplitude were then systematically increased or 

decreased to obtain a 1:1 firing. This optimum frequency and amplitude were then used both pre 

and post cooling to activate the mechanoreceptor in question. The most sensitive region of the 

receptive field was targeted for vibration (i.e. identified ‘hot spots’ or receptive field edge for 

Type I receptors and the identified hot spot for Type II receptors). The area of vibration was 

marked with a permanent marker and vibration was maintained within the marked area 

throughout testing. The sinusoidal vibration profile was recorded using an accelerometer 

attached to the probe (4507 B 002, Bruel and Kjaer, Denmark) and digitally sampled at 2 kHz 

and stored for analyses. The acceleration input was used in a closed loop system to ensure that 

the appropriate frequency and amplitude were reached and then maintained throughout vibration 

(VR8500 Vibration Controller, VibrationVIEW v.7.1.4, Vibration Research Corporation, USA). 

A force transducer (Model 31, tension/compression load cell, Honeywell International Inc., USA) 

was used to ensure that a constant preload between the probe and the skin (~1-2 N) was 

maintained before and after skin cooling. For some mechanoreceptors, natural stimulation was 
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performed in combination with or in lieu of vibration (if vibration was unable to elicit a 

response). Natural stimulation of 2 SA Is and 1 SA II consisted of sustained indentation of the 

probe while force was recorded using the force transducer. Initial contact and indentation phase 

of the probe was termed the dynamic phase of indentation. The probe was then maintained at a 

constant level of indentation force for a few seconds, which was termed the static phase. The 

probe was then lifted off of the skin for a few seconds of rest before the next indentation. Natural 

stimulation of one FA II receptor consisted of blowing across the receptive field.  

 Surface temperature of the skin overlying the receptive fields of each unit was measured 

using an infrared thermometer (Thermoworks, USA). Temperature was recorded at baseline, 

during cooling with ice and post-cooling of the receptive field. Ice packets (2 cm by 10 cm) were 

applied for 2, 5, 10, 15 or 20 minutes directly over the receptive field of the mechanoreceptor. 

For mechanoreceptors with larger receptive fields, more than one ice packet was used to ensure 

cooling over the entire receptive field. Due to the difficulty of maintaining a single afferent 

recording for an extended length of time, the duration of cooling was determined based on the 

quality of the recording and how long the unit was expected to last.  

 

3.2.6 Data Analysis  

 Receptor response to vibration was quantified using a firing response ratio. Firing 

response (FR) was calculated as the mean instantaneous frequency of afferent firing during the 

period of vibration divided by the vibration frequency.  

 

Eq. 3.1:     Firing Rate = mean inst. Firing frequency (Hz) / Frequency of vibration (Hz)  

 

A firing rate value of 1.00 would indicate a 1:1 afferent response to vibration, 0.50 reflects 0.5:1 

response (i.e. one action potential fired for every two indentations during the vibration).  Cooling 

effects on receptors were expressed as a percentage of baseline firing response (% BFR), which 

was established in the pre-cooling phase.  

 Sustained indentation of the slowly-adapting units was delineated into a dynamic and 

static response (Iggo and Muir 1969).  The dynamic response consisted of the instantaneous 

frequency response during the indentation phase (initial contact and indentation of the probe), 
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normalized to the rate of change of force application. Static response was determined as the 

mean instantaneous frequency response to the sustained indentation of the probe normalized to 

the force of the indentation.      

3.2.7 Statistics 

 χ
2 

tests were used to determine differences in the number of receptors from each class 

between the current work and previous studies that have recorded from populations of skin 

afferents in the foot sole (Kennedy and Inglis 2002, Fallon et al. 2005). Student’s t-tests were 

used to determine the difference between the percent of Type I vs Type II and the percent of 

slowly vs fast-adapting receptors that were reduced to 0 % of baseline.  Univariate Analysis of 

Variance (ANOVA) was used to examine differences between receptor classes in firing response 

immediately post cooling. Only receptors cooled for 10 minutes were included in the ANOVA. 

Levene’s test for homogeneity of variance was performed, and was significant p = 0.049 so 

homogeneity of variance is not assumed, therefore corrected values of F and p were used. 

Pearson’s correlation co-efficients were calculated to determine the relationship between 1) 

temperature and time to return to baseline, and 2) temperature and % baseline firing rate. T-tests 

were used to determine any difference in firing rate immediately post cooling as well as 

difference in time to return to baseline between FAI receptors in the forefoot and heel regions. 

Significance was determined at p < 0.05.  
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Figure 3.1: Schematic representation of data collection events. After single afferents were isolated and 

identified (as FAI, FAII, SAI or SAII), monofilaments were used to establish the threshold and determine 

the receptive field of the unit.  Surface skin temperature and firing response to vibration (three ‘bursts’ of 

sinusoidal vibration) were established at baseline. Ice was then applied over the receptive field of the 

receptor and cooled for 2-20 minutes, (2, 5, 10, 15 or 20 minutes; with the majority of receptors cooled 

for 10 minutes). Duration of cooling was based on the quality of the recording and how long we 

anticipated the recording to last. No specific skin temperature was targeted, but temperature was recorded 

throughout the duration of testing using an infrared thermometer. Post-cooling, the same vibratory stimuli 

were applied to the receptive field (in the same spot, with the same preload as baseline vibration) and the 

receptor was allowed to naturally return to baseline firing response levels and baseline temperature.    
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3.3 Results 

 Sixty-six low-threshold cutaneous receptors were sampled from the glabrous skin of the 

foot sole. Due to the nature and length of the experimental methodology, the full cooling and re-

warming protocol was run successfully on 39 of the 66 cutaneous units (59%). The number of 

receptors that fell within each classification is as follows: 16 FA I (41%), 7 FA II (18%), 5 SA I 

(13%), 11 SA II (28%), (Figure 3.2).  Only 1 receptor (SA I) of 39 was not responsive to 

vibration, and that receptor was only activated by natural indentation. χ
2 

analyses revealed that 

the number of units that fell within each classification did not differ from previous reports of 

receptors on the foot sole (p>0.05, Kennedy and Inglis 2002, Fallon et al. 2005). Similar to 

previous findings there did not appear to be a clear pattern of receptor distribution across the foot 

sole (Kennedy and Inglis 2002). Receptive field and threshold characteristics of the experimental 

sample of receptors are listed in Table 3.1.   

3.3.1 Receptor response to vibration  

 The goal was to establish a 1:1 firing ratio (1.00 firing rate; eq. 3.1) in all receptors 

during the initial pre-cooling vibration. The probe was manipulated to apply a pre-indentation 

between 1-2 N that would evoke a firing rate of 1.00. We were successful in obtaining a mean 

firing rate of 0.995 across all receptor types with a range of 0.50-3.42 (Table 3.2).  Of the 38 

receptors that were vibrated, 8 consistently responded to vibration at a firing rate below 1.00 

(across a range of test frequencies) and these were predominantly SA II receptors (5 SA II, 1 FA 

I, 1 FA II and 1 SA I).  Only two receptors responded above 1.00 and both of these receptors 

were FA I, one located on the medial heel and one on the pad of the third toe. 

 

3.3.2 Receptor response to vibration after cooling over the receptive field  

 Cooling reduced receptor response to vibration in all four receptor types (38/39 receptors). 

Immediately post cooling, firing rate was reduced to an average of 0.18 corresponding to 18% of 

baseline firing rate with responses ranging from 0 (completely abolished) to 1.00 (unaffected by 

cooling: n=1, FA II receptor). ANOVA revealed no significant differences between receptor 

types in the degree of reduction of firing response immediately after cooling for 10 minutes (F3,20 

= 0.981, p = 0.421; observed power = 0.281). Response to vibration was abolished in 33% 

percent of all receptors immediately post cooling (Table 3.2). Student’s t-tests revealed that the 
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percentage of receptors that were reduced to 0% of baseline did not differ between fast and 

slowly-adapting receptors (39% vs. 38%; p = 0.84) or between Type I and Type II receptors 

(37.5% vs. 38.5%; p = 0.69).        

 Receptors were allowed to return to baseline naturally post-cooling, usually for 15-25 

minutes. If receptors did not return to baseline within that time frame, heat (via a heat pack) was 

applied over the receptive field for a few minutes in an attempt to re-establish baseline skin 

temperature and firing rates.  Of the 38 receptors that were cooled and vibrated, we were able to 

collect ‘return to baseline data’ on 35 (3 receptor recordings were lost before baseline was re-

established). Of the 35 receptors, 9 did not return naturally to baseline firing rates (and were 

subsequently heated), predominantly FA II receptors (2 FA I, 4 FA II, 2 SA I and 1 SA II).  

Mean time to return to 100% of baseline for all receptors (excluding those that were heated) was 

7.02 (+/- 4.11) minutes, ranging from 1.91 to 33.5 minutes (Figure 3.3).  

 Post cooling, during the natural re-warming phase when receptors regained the ability to 

fire, they typically fired at sub-harmonics of the original firing frequency. As illustrated in Figure 

3.4 A, the representative SA II receptor responds 1:1 to the original baseline vibration of 12 Hz.  

Just after cooling, the receptor reduced its firing response to 2 Hz. After 3 minutes of natural re-

warming, the receptor response increased to 6 Hz (0.5:1) and after 6 minutes of re-warming, it 

returned to baseline firing (12 Hz, 1:1 firing).  This demonstrates that the receptor can follow 

lower frequencies of vibration at a 1:1 firing rate during its return to baseline, suggesting other 

receptors may do the same. This idea was tested in one FA I receptor (Figure 3.4B) that 

responded to each of 32, 16 and 9 Hz of vibration, with a firing rate of 1.00 at baseline. When 

cooled for five minutes, the receptor firing rate was reduced to 0.00. Upon natural re-warming, 

the unit regained baseline sensitivity in response to the 9 and 16 Hz vibration before 32 Hz. In 

other words, the receptor was able to follow the lower frequencies at a 1:1 firing ratio but not 32 

Hz, indicating a shift in the frequency code of the receptor unit post cooling.  This may have 

implications for how the receptor code is interpreted within the CNS.  
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Table 3.1 Number and distribution of each class of cutaneous receptor in the glabrous skin of the foot 

sole. Median and range of receptive field sizes and mechanical thresholds, measured with calibrated 

Semmes-Weinstein monofilaments, are listed for each receptor type. FA I and FA II, fast adapting type I 

and II; SA I and SA II, slowly-adapting type I and II. 
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Table 3.2 Receptor response to vibration pre and post-cooling (for cooling, durations of 10 minutes or 

longer). Vibration parameters are the frequency (Hz) and amplitude of vibration used to establish a 1.00 

firing response. The mean and range of actual firing responses to vibration are listed for baseline and 

post-cooling. Firing response post cooling is expressed as a percentage of baseline firing response (% 

BFR). The distributions represent the number (and percent) of the receptors that reached levels below 90 

(least affected), 50 and 0 (most affected) % of BFR post-cooling. 
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Figure 3.2 The distribution of cutaneous receptors on the foot. The approximate location and size of the 

receptive fields are shown relative to the foot. 
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3.3.3 Effects of cooling duration 

 Receptors were cooled for various lengths of time. The majority were cooled for 10 or 15 

minutes (24 (63%) and 12 (32%) receptors respectively). Eleven receptors (29%) were cooled for 

shorter durations (2-5 minutes) and 4 receptors (11%) were cooled for 20-25 minutes (note that 

for some receptors, data were collected at more than one time point). All receptors cooled for 

greater than 15 minutes were reduced to below 50% of baseline (0 – 39.4% BFR).  Three of the 

24 receptors cooled at 10 minutes were not reduced to below 50% (2 FA II and 1 SA I). This led 

to a weak, negative correlation between cooling duration and firing response of the receptors 

immediately post-cooling (Figure 3.5A) where the greatest variability was observed for the 

lowest cooling durations (0 – 100% of baseline firing). Six receptors (3 FA I, 1 FA II, 1 SA I, 1 

SA II) were measured at successive intervals of cooling in order to establish the progression of 

cooling effects. In these receptors, there was a general trend demonstrating that longer cooling 

times were associated with lower firing rates post cooling (Figure 3.5B). 
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Figure 3.3 Symbols represent the time taken for individual cutaneous receptors to return to baseline firing 

after cooling (N= 26). Cooling duration varied and is represented on the bottom axis. The majority of 

receptors returned to baseline firing rates within 10 minutes. Of note is the large variability of recovery 

time observed at 10 and 15 minutes of cooling as well as the relatively short recovery times seen for the 

few receptors cooled between 20 and 25 minutes.   
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Figure 3.4 A) Afferent response to vibration of a representative SA II receptor pre and post cooling with 

ice for 15 minutes. The receptor was vibrated at 12 Hz and initially responded at 1:1. Top traces represent 

overlays of individual action potentials from the corresponding section of the neurogram below to 

confirm that the unit is single (note that the action potential becomes double-peaked over time, a common 

observation in longer microneurographic recordings; Inglis et al.  1996). Data represented in subsequent 

rows are: mean frequency of afferent firing, instantaneous frequency of afferent firing, acceleration of the 

vibrating probe and the raw neurogram. B) Afferent response of a single FA I receptor to 9 Hz (triangles), 

16 Hz (squares) and 32 Hz (diamonds) vibration. Solid line represents skin surface temperature. At 

baseline, the receptor responded 1:1 to each frequency. Post cooling the receptor was able to respond 1:1 

for the lower vibration frequencies (9 and 16 Hz) before it regained 1:1 firing in response to the higher 

(32 Hz) vibration frequency. 
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Figure 3.5 A) The effect of duration of cooling on cutaneous receptor response to vibration (N=38 

receptors; 50 data points are represented on the graph as some receptors were tested at multiple cooling 

times).  There is a weak negative correlation (R
2 
= 0.3) between the length of cooling over the receptive 

field and the receptor firing response to vibration immediately post-cooling. Firing response is expressed 

as a percentage of baseline firing response. B) Response of a sub-set of 6 receptors (3 FA I, 1 FA II, 1 SA 

I, 1 SA II) that were tested at 5 or 10 minute intervals throughout the duration of cooling. Dotted lines 

represent individual receptor responses, sold line represents the group average response. The majority of 

receptors decreased firing in response to vibration as cooling progressed. Two receptors appear to 

increase in sensitivity from 5 to 10 minutes of cooling (1 FA I and 1 SA I receptor).  
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3.3.4 Temperature effects on response to vibration 

 Mean baseline skin temperature was 26.6°C (+/- 3.7°C). Skin temperature was reduced to 

a mean of 12.9 °C (+/- 4.4 °C) after cooling. There was a weak positive correlation between 

temperature and firing response post cooling, with a large variability seen between 10 and 20 

degrees in the warming process (Figure 3.6A). A typical temperature recovery curve is shown in 

Figure 3.6B along with the corresponding profile of a receptor firing response (representative 

receptor in the figure is SA II). Surface skin temperature was typically observed to plateau on 

recovery and often (37/39 receptors) did not return to baseline temperature without the 

application of heat (despite recovery of baseline firing in 75% of units). In other words, in the 

majority of receptors, the firing response recovered to 100% of baseline firing rate in spite of the 

plateau in skin temperature at levels below baseline. 

  

3.3.5 Effects of receptor type 

 FA II receptors were reduced on average to 31% of baseline firing compared to the other 

receptor classes, which were on average reduced considerably more to 8-10% of baseline firing 

(Table 3.2). After removing the two FA II receptors that were least influenced by cooling 

(maintained at 100% and 80% of baseline firing), the post cooling response of the other 5 FA IIs 

saw a reduction to 9% of baseline firing. 

  Approximately 25% of receptors did not naturally return to baseline firing after cooling 

(9 of 35), the majority of which were FA II receptors (2 FA I, 4 FA II, 2 SA I and 1 SA II). 

Therefore, of the 6 FA II receptors that were influenced by cooling, 4 did not naturally return to 

baseline firing rates. One was brought back to 100% baseline with the application of heat the 

other three were only able to reach levels of 48-65% of baseline. The two FA I receptors that did 

not return to baseline were located on the heel and were both cooled for 15 minutes. One 

receptor had an initial firing rate of 3.42 while the other had a firing rate of 1.00. Two of the 4 

SA I receptors (50%) did not return to baseline naturally, while only 1 of the 11 SA II receptors 

did not return naturally to baseline. Of note, is that 5 SA II receptors were unable to fire 1:1 

initially. Upon natural re-warming, all SA II receptors were able to regain baseline sensitivity, 

and interestingly, the two units with the lowest initial firing rates (0.52 and 0.64) surpassed their 
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baseline firing rates and began to fire 1:1, indicating that these receptors actually became more 

sensitive to vibration post cooling.    

 Fast-adapting units appeared to have longer recovery times than slowly-adapting units 

(Figure 3.3). Mean recovery time for FA I and FA II units was 8.10 and 17.3 minutes compared 

to 3.90 and 6.00 minutes for SA I and II receptors respectively. The recovery time for FA II 

receptors was difficult to calculate, since the 4 of the 6 receptors that were influenced by cooling 

did not return to 100% baseline firing. Instead, the time to return to peak firing was calculated 

which corresponded to 17.3 minutes, but this is likely an underestimate.  

 

3.3.6 Natural activation of receptors  

 Finally, cooling altered the natural response of SA afferents to both the initial indentation 

and a sustained level of indentation.  Two SA I receptors were cooled for 10 minutes and their 

dynamic and static response to indentation were compared. In both receptors, the static response 

was influenced more by cooling than the dynamic response. In the SA I receptor located on the 

lateral aspect of the foot, the dynamic response to the application of the indentation was 

maintained at 94% of baseline after cooling. In contrast, the static response to the sustained 

indentation was reduced to 11% of baseline. In the SA I receptor located on the 5
th

 toe, the 

dynamic response was reduced to 11%, whereas the static response was abolished (Figure 3.7). 

In the one SA II unit to which we applied sustained indentation, both the dynamic and static 

responses were eliminated with cooling. We identified and recorded one FA II receptor that was 

sensitive to blowing across the receptive field. After cooling the receptor for 10 minutes, it was 

unable to respond to blowing, but regained sensitivity to this type of activation after natural re-

warming for 30 minutes. Applying heat to the receptive field further increased the sensitivity to 

blowing (Figure 3.7B).    

 

3.3.7 Regional Differences across the foot sole 

 Within the group of FA Is, for which we had the largest physical distribution of receptors 

recorded, there appeared to be a difference in receptor response profiles across the foot sole.  

While there was no difference between foot region in the % of baseline firing post–cooling (8.5% 

in the toes, 9.1% in the heel, p = 0.9), receptors in the area of the toes and forefoot returned to 
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baseline more quickly than receptors located in the heel region (p = 0.022) (Figure 3.8A). 

Average recovery curves of the receptors are shown in Figure 3.8B. The slope of the recovery 

curve for FA Is located in the toes is steeper than the slope of the recovery for FA Is in the heel. 

On average, receptors located in the toes returned to baseline firing rates in 5.3 minutes 

compared to receptors in the heel that took, on average, 10.6 minutes to return to baseline. For 

the heel receptors, 10.6 minutes is a conservative estimate of return to baseline, since two 

receptors did not return to baseline firing rates with natural re-warming. In those instances, return 

to a peak firing rate was calculated. Receptors in the heel region reached an average peak firing 

response of 81% of baseline with natural re-warming. Comparatively, FA I receptors in the toes 

reached an average peak firing response of 103% of baseline.  The two receptors in the mid-foot 

region do not appear to follow similar patterns of recovery, and are not influenced by proximity 

to heel or toe region. The FA I that returned quickly to baseline firing was cooled for 10 minutes 

and was located closer to the heel region. The FA I that returned slowly was cooled for 15 

minutes and was located closer to the toe and fore foot region.  Despite difference in response, 

the temperature profiles appeared to be consistent between the heel and toe region, while slightly 

lower for the mid foot (Figure 3.8C). 
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Figure 3.6 A) Relationship between surface skin temperature and firing response to vibration at all points 

throughout the experiment (pre and post –cooling). Firing response is variable typically between 10 and 

20 degrees C. B) Representative firing response profile of a single SA II receptor (dark trace) compared to 

surface skin temperature (light trace). Note, between 4 and 8 minutes where firing response has returned 

to baseline but temperature is still approximately 8-10 degrees below baseline.    
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Figure 3.7 A) Response of a SA I receptor to sustained indentation with 2 mm probe. Receptor was 

located on the lateral aspect of the 5
th
 digit and sensitive to both indentation and vibration. After cooling 

for 10 minutes a decrease in the dynamic response was observed, while the static response to sustained 

indentation was eliminated. B) Response of a FA II receptor to blowing across the receptive field. 

Receptor was very sensitive to blowing across the receptive field initially reaching instantaneous 

frequencies up to 200 Hz. Response to blowing was eliminated after cooling for 10 minutes, but returned 

with natural re-warming and then heating.   
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Figure 3.8 A) Firing response profiles of FA I receptors displayed according to location on the foot. 

Receptors display regional differences in firing return to baseline between toe and forefoot area and heel 

area. Receptors appear to return to baseline firing rates more quickly in the forefoot area than in the heel 

area. Two receptors located in the midfoot area display varied response behaviour. B) Average response 

profiles are shown (with standard deviation bars) across foot sole regions. The slope is higher for the 

recovery curve in the toes than in the heel, indicating a faster return to baseline. C) Average skin surface 

temperature response compared across foot sole region. Temperature profile is similar between the toe 

and heel region, but appears slightly lower in the midfoot. 
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3.4 Discussion 

3.4.1 Effects of cooling on receptor response to vibration 

 We have demonstrated for the first time that cooling the skin with ice was effective in 

reducing the response to vibration in all four classes of low threshold cutaneous receptors. When 

the skin was cooled for durations of 10 minutes or longer, receptor response to vibration was 

reduced to below 50% of baseline firing in all but 3 receptors (two FA II and one SA I). Cooling 

also reduced the response of slowly-adapting units to sustained indentation. For SA I units, the 

reduction in the static response was more pronounced than the reduction of the dynamic response. 

    

3.4.2 Difference between receptor classes 

 Contrary to our hypotheses, there were no significant differences between receptor type 

in the effects of cooling on firing response to vibration. However there were differences in other 

aspects of cooling effects that were notable. Overall the most apparent differences exist in FA II 

responses to cooling when compared to the other three classes of receptor. The response of FA II 

receptors was variable, especially for 10 minutes of cooling when they ranged from completely 

reduced (0% of BFR) to relatively uninfluenced by cooling. FA IIs were the only class of 

receptor to have units that were relatively uninfluenced by cooling (1 out of 7 units, even after 

10min of cooling) which corroborates previous findings where 2 out of 3 recorded FA IIs were 

uninfluenced by cooling for 5 minutes (Kunesch et al. 1987). Our results show that even when 

the time of cooling is increased to 10 minutes, a portion of FA II receptors are still uninfluenced.  

 Interestingly, when you remove the two FA II receptors that were not affected by cooling 

from the current analysis, the post-cooling response of the other 5 FA IIs is, on average, 9% of 

baseline firing rate, which is within the range of the other receptor classes.  In addition, once 

those 5 FA IIs were reduced, they did not return to baseline firing rates with natural re-warming. 

As such, it appears that FA II receptors, although potentially more resistant to cooling than other 

receptors, are influenced to a greater extent once cooled. The variability in response profiles is 

perhaps due to the range of depth of FA II receptors which are the most deeply situated of all 

four classes of mechanoreceptor. They are typically found at a depth of 3-4 mm within the sub-

dermal layers of the skin (Wu et al. 1999). The thickness of the dermis and sub-dermal layers are 

variable between subjects and between foot location (Lee and Hwang 2002) and may cause 
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differences in the ability of cooling to reach the FA II receptors. Similarly, once the receptors are 

cooled, the fat tissue that is found in the sub-dermal layers of the skin (known to contain 

Pacinian Corpuscles, (Jahss et al. 1992) may serve as an insulator and maintain the cooling 

effects for longer.    

 Cooling reduced the static and dynamic response of slowly-adapting units to sustained 

indentation. This corroborates previous findings that demonstrated a reduction in the static 

response of a SA I receptor cooled for 2-5 minutes, but a relative preservation of the dynamic 

response (Kunesch et al. 1987).  We have shown that this relationship is maintained in the SA I 

when the skin is cooled for longer durations (10 minutes). In our current work we also observed 

that the dynamic response is reduced, but maintained, while the static response is dramatically 

reduced or even abolished. As a result, following 10 minutes of cooling, this renders the SA I 

unit sensitive to on and off stimuli but not to sustained pressure, in essence; it behaves similar to 

a fast-adapting mechanoreceptor. Functionally, these cooled SA I receptors would provide the 

CNS with more information about dynamic, transient events such as heel contact and toe off, but 

less information about sustained pressure. Sustained pressure information may be important for 

coding the magnitude of the center of foot pressure and thus, magnitude of postural sway. A 

similar temperature response for the SA I receptor has been shown in the cat, where a reduction 

in temperature to between 15 and 20 degrees actually caused a dynamic burst from the receptors, 

but ultimately, reduced the static response to sustained indentation (Iggo and Muir 1969).      

  

3.4.3 Cooling duration and temperature responses 

 Studies that use cooling as a probe to investigate skin function in vibration perception 

threshold and postural tasks employ a range of cooling durations and skin temperatures as 

guidelines/targets. Therefore in the current study we wanted to investigate the effects of cooling 

duration and skin temperature on receptor activation.  We found that, in general, cooling for 

longer durations was more likely to reduce receptor response to vibration. However, a surprising 

finding was the variability observed at low cooling durations, as well as the disconnect observed 

between afferent firing and skin temperature even at long durations of cooling.  
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3.4.3.1 Response to short cooling durations 

 When receptors were cooled for 2 and 5 minutes, responses were variable, ranging from 0% 

to 93% of baseline firing rates post cooling. There are no clear patterns between receptor type for 

short bouts of cooling. It would be reasonable to expect systematic differences in cooling 

response based on receptor type since  type I receptors are known to reside more superficially in 

the skin, within the epidermis, than type II receptors.  This was clearly not the case  as evidenced 

by the large variability in type I and II receptor responses at 2-5 minutes of cooling, ranging from 

10 – 90% of baseline firing rates (type I) and from 0-93% (type II) (Figure 3.5).   However, 

variability between receptors may be better explained by differences in receptor depth between 

subjects, due to differences in epidermal, dermal and sub-dermal thicknesses (Lee and Hwang 

2002).  Of note, the two FA I receptors that were reduced the most (10 and 27% of baseline) 

when cooled for 5 minutes were located in the toe and heel of two female subjects. In contrast, 

the two FA I receptors that were not as markedly reduced (maintained at 69 and 90% of baseline) 

were located in the toe and heel of two male subjects. Females typically have thinner skin than 

males (McPoil and Cornwall 1996, Lee and Hwang 2002) and this may have an influence on the 

ability of even short bouts of cooling to reach the receptor/afferent and influence its response to 

vibration. 

3.4.3.2 Response to long cooling durations     

 Increasing the duration of cooling to 10 minutes or longer increased the likelihood of 

reducing receptor sensitivity to below 50% of baseline levels. Of the receptors cooled for 10 

minutes, over 80% were reduced to below 50% of baseline post-cooling, while all receptors 

cooled for 15 minutes or longer were reduced below 40% of baseline firing.  This relationship 

was preserved across all receptor types. A sub sample of individual receptors was tested at 5 

minute intervals during the initial cooling phase to observe the progressive effects of cooling.  In 

general, it appeared that the longer a single receptor was cooled the more likely it was to be 

reduced to close to 0% of its baseline firing rates. Interestingly, longer cooling durations were 

not necessarily associated with longer time to return to baseline. In fact, some of the shortest 

return times were observed for 2 FA Is and I SA II that were cooled for over 20 minutes.  
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3.4.3.3 Variability at 10 minutes of cooling 

 The largest variability was observed across firing parameters (firing response post 

cooling, time to return to baseline) following 10 minutes of cooling. This may simply be due to 

the fact that this is the cooling duration for which we had the most receptors. However, a few 

previous studies have also found notable results surrounding the time point of 10 minutes of skin 

cooling. Eils et al. (2002) found that cooling the feet for 10 minutes reduced perception of 

monofilament application. However, they observed no further loss in sensation when cooling for 

longer than 10 minutes (11 – 25 minutes). While cooling the foot for 10 minutes causes an 

observed decrease in center of foot pressure (COP) excursions (McKeon and Hertel 2007), 

cooling the feet for longer (15 minutes or greater) causes an increase in COP excursions 

(Magnusson et al. 1990a, Magnusson et al. 1990b, Stal et al. 2003). One possible explanation for 

the variable responses at 10 minutes could be due to vasodilatory responses that can occur in 

response to cooling. Sendowski et al. (2000) reported that after 10 minutes of cooling the hand, a 

cold-induced vasodilation caused a small increase of skin temperature (in spite of continued 

cooling).  Cold-induced vasodilation, (CIVD or ‘hunting response’) is thought to be a protective 

mechanism to prevent frostbite and it varies between subject (Leblanc et al. 1978) and location 

on the body (Sendowski et al. 1997, Reynolds et al. 2007). Although the mechanism is poorly 

understood, changes in local vasodilation could be an explanation of the variability seen in the 

responses of skin mechanoreceptors to cooling, especially at 10 minutes.          

 

3.4.4 Temperature effects on sensitivity 

 Absolute skin temperature was only weakly correlated to receptor sensitivity to vibration, 

with large variability seen between 15 and 20 degrees. This is most likely a reflection of the un-

coupling of temperature and sensitivity often observed during the natural re-warming phase, 

where  skin temperatures plateaued at levels below baseline temperatures but receptors returned 

to pre-cooling sensitivity. Often, studies monitor skin surface temperature as a marker of skin 

sensitivity (Stal et al. 2003, Nurse and Nigg 2001, Perry et al. 2000). However, our results 

indicate that this must be done with caution, as receptors may have actually returned to baseline 

sensitivity levels despite persistent low surface skin temperature.     
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3.4.5 Differences between foot sole region 

 Return to baseline recovery profiles of FA I receptors were systematically different 

between the forefoot region and the heel. Receptors located in the forefoot displayed a more 

rapid return to baseline sensitivity, regardless of the duration of cooling (10 or 15 minutes). 

Previous work found that receptors in glabrous skin returned to baseline slightly quicker than 

receptors in the non-glabrous skin, and this was attributed to differences in local vascular 

response to cooling (Kunesch et al. 1987). This explanation may be relevant for the three FA Is 

with a slow recovery time that were located near the medial malleolus. These receptors were 

included in the glabrous ‘heel region’ but the skin where they reside, on the medial ankle near 

the malleolus, may actually be more non-glabrous in nature, and could explain their slow 

recovery time. In addition, cold-induced vasodilation has been shown to change across the foot 

sole (Reynolds et al. 2007), which may also account for differences in receptor return to baseline 

between the toes and heel region. Alternatively, differences in skin thickness may be the cause of 

altered receptor response across the foot sole.  FA I receptors are known to reside in the papillary 

ridges of the epidermal layer within the skin, and the epidermis is thicker in the heel than the 

forefoot region (Chao et al. 2011).  

 Functionally, it is important to consider regional differences in receptor recovery when 

cooling is used to investigate the role of skin in balance and locomotion. The skin on the foot 

sole is a direct interface between the body and the environment and regional activation of skin 

receptors provides cues as to the direction of body sway (i.e. activation of skin on the forefoot, 

indicates forward sway; Kavounoudias et al. 1998). If the skin receptors in the forefoot return to 

baseline prior to receptors in the heel, this could confound responses seen in postural sway, due 

to an imbalance created by increased feedback from receptors in the forefoot compared to the 

heel. Kavounoudias and Roll (1999) suggest that the forefoot and heel provide two opposing 

sensory ‘zones’ and that the CNS compares the difference in sensory activation between the two 

zones to assess postural stability. In their study they applied vibration to the two zones and found 

that if receptors in the forefoot were activated more than the receptors in the heel, the CNS 

interpreted this as ‘forward lean’ and responded by initiating a corrective, posterior lean. 

Therefore, after cooling and during early stages of re-warming, postural responses may be 

observed that are not necessarily due to a homogeneous decrease in skin receptor response, but 

rather an imbalance in the receptor activity in the fore foot zone, compared to the heel zone.   
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 Further support for regional differences is presented in a study by Eils and colleagues 

(2002) where they found that cooling the foot soles for 10 minutes significantly altered pressure 

distribution under the feet during locomotion. Interestingly, baseline pressure responses were 

reduced in the heel and toe region, and were increased in the mid-foot region.  Pressure 

responses returned quickly, within 4-5 steps and the return to baseline pressure values occurred 

more quickly in the toes compared to the heel region.  This may be a manifestation of a quicker 

recovery post cooling for skin receptors in the toes versus skin receptors in the heel.    

 

3.4.6 Vibration sensitivity and vibration perception threshold 

 Many previous psychophysical studies have found a decrease in vibration perception 

threshold (VPT) in response to cooling, primarily at high frequencies, leading to the general 

conclusion that it is mainly FA II or pacinian-mediated channels of touch that are influenced by 

cooling (Harazin and Harazin-Lechowska 2007, Verrillo and Bolanowski 2003, Gescheider et al. 

1997). How do our results compare with these findings? Since the current protocol was not  

aimed at testing perceptual threshold, we can only speculate.  Our findings indicate that all 

receptor types, not just FA IIs, are influenced by cooling and that their sensitivity to applied 

vibration is reduced. Why doesn’t this correspond to a reduction in VPT at lower frequencies in 

previous work? One explanation is that perception of lower frequencies of vibration is preserved, 

because they are coded by FA I or FA II receptors that have become less sensitive to vibration. 

Indeed we found evidence of an FA I receptor in the early stages of re-warming that was able to 

respond 1:1 to 9 Hz and 16 Hz of vibration while still unable to respond 1:1 to 32 Hz at the same 

amplitude. This could result in maintenance of VPT at lower frequencies, even though we have 

shown evidence that the slowly-adapting receptors are reduced by cooling and unable to code in 

their regular low vibration frequency range. In this case, even though all receptor classes are 

influenced by cooling, perceptually, it is only the higher frequencies that appear to be affected. 

Other, fast-adapting receptors that have become less sensitive are still capable of coding for 

lower frequencies but due to a ‘ceiling effect’ the highest frequencies coded by FA IIs are unable 

to be coded for, producing a measurable reduction in VPT at higher frequencies.    

 Often, skin perceptual thresholds are used to monitor the effectiveness of cooling during 

functional studies. It is important to note that depending on the time of application of these tests 
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with respect to cooling, the same outcome may reflect two very different skin responses. If the 

testing is completed immediately post-cooling an increased threshold to only high frequencies 

may mask the fact that all receptor types are reduced by cooling. However, if the testing is 

performed on skin that has been allowed to re-warm, increased threshold to high frequencies 

may be an accurate reflection of the long term depression of FA II receptors in response to 

cooling. FA II receptors displayed the longest recovery times, with some receptors not able to 

return to baseline even with heating. Timing should be noted when reporting perceptual 

responses to cooling, and additional tests such as perception of sustained indentation and skin 

stretch, may be more reflective of the sensitivity of slowly-adapting units.  A caveat to these 

findings is the fact that the amplitudes used in the present study were often higher than those 

recorded for perceptual thresholds. However, the amplitudes used were the minimum amplitudes 

required to obtain a 1:1 firing rate from the units and should be considered as the physiological 

threshold of the receptors.       

 

3.4.7 How does cooling influence the ability of a mechanoreceptor to generate an action 

potential? 

 A question that remains, is how does cooling actually influence the ability of cutaneous 

mechanoreceptors to generate action potentials? Although we did not systematically test this 

question, we often observed that increased amplitude of vibration was able to activate receptors 

once cooled. This is similar to previous findings that after short bouts of cooling (3-5 minutes), a 

greater indentation was required to activate receptors (Kunesch et al. 1987). These authors also 

observed that conduction of the afferent nerve was maintained, suggesting that it was a change in 

the ability of the mechanoreceptor itself to generate an action potential that is influenced by 

cooling (Kunesch et al. 1987). This is supported by work in the cat that found changes in the 

ability of pacinian corpuscles to initiate an action potential in response to mechanical stimulus 

when cooled (Inman and Peruzzi 1961). In the current study, we also noted that when receptors 

started to regain sensitivity, they responded at sub-harmonics of the baseline vibration, indicating 

that when amplitude is maintained, receptors are only able to fire at a lower frequency. This 

corroborates previous work that showed cooling increased the refractory period of cutaneous 

afferents when electrically stimulated (Burke et al. 1999). If the refractory period of the afferent 



78 

 

 

 

is increased, then a longer interval between indentations would be required to successfully 

generate an action potential at each indentation (i.e. lower frequency of vibration). Thus, from 

our results there is evidence to support two previously proposed mechanisms of cooling effects 

on cutaneous units: 1) the electro-mechanical gain of the mechanoreceptor is influenced with 

cooling, with an increase in amplitude required to generate an action potential, and 2) increased 

refractory period of the terminal nerve branches and a commensurate decreased capacity to fire, 

which is evidenced by lower firing frequencies post cooling.   

 

3.4.8 Limitations 

 The specific aim of the current work was to characterize the activation of single 

cutaneous receptors after they had been cooled, in an attempt to determine how cooling 

influences the sensory code arising from these receptors. We found that the sensory coding is 

altered and receptors preferentially code lower frequencies when cooled. Additionally, slowly-

adapting receptors were found to code more like fast-adapting receptors. Although not a specific 

aim, it may be suggested that a limitation to the current paradigm is that the subjects’ perception 

of vibration was not measured. Based on our findings we cannot make conclusions about how 

much of the afferent code is received centrally, or how it is perceived by the CNS following 

cooling. Future work should target this question, although the challenge lies in isolating the 

perception of a single receptor. With microneurography we can ensure that we are recording 

from a single cutaneous afferent, but perceptual responses to vibration likely represent a 

population of receptors that are responding to the stimulus. There is evidence to suggest that 

intra-neural stimulation of a single cutaneous afferent does result in a percept (Macefield et al. 

1990).  This technique may shed light on the link between afferent code changes with ice, and 

alterations in perception. To date, however, we do not know how cooling-induced changes in 

single afferent coding is specifically perceived by the CNS, or how these changes in the sensory 

code may influence the functional role of cutaneous receptors in postural control and joint 

position sense.  

 



79 

 

 

 

3.4.9 Conclusion 

 We have shown that cooling the surface of the skin with ice reduces vibration responses 

from single afferents innervating all four classes of low-threshold mechanoreceptors in the skin. 

Cooling for durations of 10 minutes or longer more consistently reduced receptor firing to below 

50% of their baseline, however, some afferents were also completely reduced in response to 

shorter durations. Overall, firing response was completely reduced in thirty percent of all 

receptors and this was equally distributed across receptor type. Skin surface temperature was not 

found to be a reliable indicator of receptor firing capacity. Temperature often became uncoupled 

from the vibration response, especially during natural re-warming, the time that may be the most 

crucial in studies using cooling to probe the role of skin. Future work should more thoroughly 

examine vascular responses and skin properties across the foot sole to determine whether these 

factors may contribute to the variability of responses seen across cooling duration and foot sole 

region.    
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3.5 Bridging Summary 

 The results of Experiment II revealed that cooling is effective tool to reduce the output of 

all four classes of mechanoreceptor in the skin. Cooling over the receptive field for durations of 

10 minutes or longer reduced the response of all four classes of receptors to below 50% of 

baseline sensitivity levels. In addition, the firing response of 38% of the receptors was 

completely abolished after cooling. Thus, it was deemed that cooling was an effective tool to 

diminish input from all types of mechanoreceptors in the skin. Experiment III involved afferent 

recordings of spindles in response to passive movement before and after skin input was reduced. 
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 CHAPTER 4 Experiment III: Reduction of low-threshold cutaneous 

mechanoreceptor feedback from the foot can alter fusimotor drive to 

muscle spindles of the lower leg in humans.    

(in preparation for submission) 

4.1 Introduction 

 Proprioceptive sense arises from receptors located in several different tissues; namely 

skeletal muscle, skin and joints (Burke et al. 1988).  Historically, receptors in the muscles were 

considered to play the most prominent role in proprioception (Goodwin et al. 1972) however in 

recent years the important role of cutaneous receptors has become increasingly evident. Afferent 

recordings from receptors in skin surrounding the hand (Edin and Abbs, 1991), the knee (Edin 

2001) and lower leg (Aimonetti et al. 2007) have shown that cutaneous receptors in these areas 

provide directionally-sensitive information regarding movement at nearby joints. Activation of 

skin via stretch or electrical stimulation is capable of producing illusory movements (Collins and 

Prochazka 1996) complementary to those evoked by muscle spindle vibration (Collins et al. 

2005).  Similarly, reduction of cutaneous receptor input via cooling or anesthesia can impair 

proprioception in the upper and lower limbs (Gandevia and McCloskey 1976, Ferrell and Smith 

1987, Lowrey et al. 2010, Cordo et al. 2011). In a recent study, the unique roles of skin and 

muscle spindles in the hand and forearm were investigated by reducing both inputs; skin by 

targeted anesthetization of the hand and muscle spindles by unloading (Cordo et al. 2011).  

Movement accuracy of the finger was compared when skin or spindle input was reduced and 

demonstrated that while both skin and spindle input code for movement velocity, dynamic 

position sense is primarily provided by cutaneous receptors. In the lower limb, proprioception 

(movement and position sense) was impaired at the ankle joint when a section of skin on the 

dorsum of the foot and ankle was anesthetized (Lowrey et al. 2010). The collective importance 

of these findings is that even with muscle spindles fully intact, participants were unable to 

compensate for the loss of skin input.  

 While these studies provide convincing evidence that cutaneous receptors play a unique 

and integral role in the coding of joint position sense, there is still some uncertainty surrounding 

the full extent of skin’s influence. The previously mentioned studies combine to suggest that 

cutaneous receptors act as ‘independent proprioceptors’. They provide an afferent code to the 

central nervous system regarding position and movement of the limbs and thus, activation or 



82 

 

 

 

reduction of these receptors will change the central proprioceptive ‘picture’. However, in 

addition to providing an independent source, the activation of cutaneous receptor input may 

actually influence muscle spindle sensitivity, a possibility that must be explored further.  

 There is strong evidence in the cat (Hunt and Paintal 1958, Grillner 1969) that 

stimulation of cutaneous afferents can reflexively activate gamma motor neurons, and alter 

fusimotor drive to muscle spindles even in the resting state. Whether or not these connections 

exist or play a large role in humans has remained controversial. In a set of pioneering 

experiments, Aniss and colleagues (1990) showed that electrical stimulation of low-threshold 

mechanoreceptors of the foot (posterior tibial and sural nerves) was able to reflexively alter 

gamma motor drive to muscles in the lower leg when subjects were standing unsupported (Aniss 

et al. 1990) but not when they were reclined and relaxed (Gandevia et al. 1986) or reclined and 

maintaining an isometric contraction (Aniss et al. 1988). In addition, activation of cutaneous 

receptors produced no detectable changes to spindle response to direct tendon taps of the muscle 

containing the spindle (Gandevia et al. 1986). In contrast, in the upper limb stimulation of low-

threshold afferents of the hand modulated spindle discharge in the forearm muscles at rest 

(Gandevia et al., 1986). The dynamic response of the spindles to tendon taps was also altered, 

suggesting a background level of gamma drive to spindles of the upper limb (Gandevia et al. 

1994). The authors concluded that differences exist between the upper and lower limb, and that 

cutaneous effects on fusimotor drive in the lower limb are only evident when performing an 

appropriate proprioceptive task.  

 To date, most studies in humans have investigated how an increase in cutaneous input 

(via electrical stimulation) can influence fusimotor drive via alterations in spindle discharge. 

While this methodology is crucial to identify latencies of the effects and determine the spinal 

nature of these connections, it is difficult to compare this work with the effects of reducing 

cutaneous input. Many natural cutaneous effects throughout the central nervous system are 

inhibitory in nature (Zehr and Stein 1999) and in the cat there are several reports of inhibitory 

effects of cutaneous input to gamma motor neurons (Murphy et al. 1999). If this holds true for 

cutaneo-fusimotor connections in humans, then it follows that reduction of cutaneous input (and 

thus removal of an inhibition of fusimotor neurons) may reveal a broader range of cutaneo-

fusimotor effects in the lower limb (ie. excitation).  
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   Therefore the purpose of the current study was to re-examine the effects of cutaneous 

receptors on fusimotor neurons in the lower limb with two distinct differences from previous 

work: 1) reducing cutaneous input, and 2) using passive ankle movements to activate spindles. 

Passive ramp and hold movements were chosen in the current paradigm in lieu of active tasks or 

a proprioceptive task (i.e. a matching task) in order to limit contributions to fusimotor drive from 

descending commands or voluntary muscle activation. In addition, muscle lengthening during 

passive movement represents a more physiologically relevant scenario (compared to resting 

muscle or tendon taps alone) where fusimotor drive to passive muscle may be present due to 

input from other sensory sources that may be naturally activated by the movement (Burke et al. 

1988, Aimonetti et al. 2007); surrounding cutaneous receptors, joint afferents and other muscles 

(Burke et al. 1980, Ellaway et al. 1996))  

 The aim of the current paradigm was to determine if a reduction of cutaneous input from 

the foot would alter spindle firing during passive movements at the ankle joint. Using 

microneurography, we recorded from single muscle spindle afferents from both dorsiflexors and 

plantarflexors of the ankle and observed their firing response to ramp and hold movements, 

imposed passively by a motor. Spindle discharge was examined pre and post cooling of the skin 

of the foot, used to reduce input from cutaneous receptors from the plantar and dorsal surfaces. 

We hypothesized that a reduction in cutaneous input would result in changes to velocity and 

position sensitivity of muscle spindles; revealing a cutaneous influence on both dynamic and 

static fusimotor drive to lower limb spindles during passive movements.  

 

4.2 Methods 

4.2.1 Ethical approval 

 All subjects provided informed written consent prior to each experiment session. Ethics 

were approved by the Research Ethics Board of the University of Guelph and all procedures 

complied with the Declaration of Helsinki.  
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4.2.2 Participants  

 The investigation consisted of 13 recording sessions performed on 12 participants (age 

21-24 years; 6 M and 6 F). Participants were free from any neurologic or musculoskeletal 

disorders. 

4.2.3 Experimental Procedure 

 All recordings were performed on the right leg of the participants as they lay prone on an 

adjustable treatment table. The participant’s right leg was secured to an inflatable versaform 

positioning pillow (Tumble Forms Inc, USA) and the right foot was secured to a moveable pedal 

with Velcro straps. Percutaneous stimulation was applied to the back of the knee at the level of 

the popliteal fossa to determine the approximate location of the tibial or common peroneal nerve 

(1 ms square wave pulse, 1 Hz, 0-10 mA; Grass S48, GRASS Instruments, USA).  Stimuli were 

delivered via a metal probe, and a reference electrode (Ag/Ag Cl) was attached to the patella of 

the right knee.  Successful stimulation of the tibial nerve was indicated by observable muscle 

twitches in the plantar flexor muscles (soleus, medial and lateral gastrocnemius). Likewise, 

stimulation of the common peroneal nerve was indicated by muscle twitches in the dorsi flexor 

muscles (tibialis anterior extensor digitorum longus, extensor hallucis longus) and muscles of 

eversion (peronei muscles). The electrode insertion location was chosen as the area where the 

largest twitch responses were observed at the lowest stimulation current.  The reference electrode 

(un-insulated, 200 μm diameter, FHC Inc.) was inserted 1-2 cm medial to the recording site, and 

rested approximately 5mm under the skin.  The recording electrode (10 MOhm insulated, 200 

μm diameter, 1-2 μm recording tip, 55 mm length, FHC Inc.) was inserted percutaneously at the 

determined recording site (shorter electrodes used for common peroneal – 30 mm length). Audio 

feedback was used to establish penetration of the nerve during the initial searching movements 

(along with subject feedback of sensations, i.e. tingling in relevant skin areas, tightness in the 

muscles). Once the neural activity was detected, small manipulations of the electrode coupled 

with auditory feedback from the activation of the muscle spindles tapping over the muscle belly 

or tendon or moving the foot and toes were used to isolate single muscle spindle receptors.  

Neural recordings were amplified (X 10 kHZ) and filtered (300-3000 Hz, ISO-180, World 

Precision Instruments) and digitally sampled (40 kHz) and stored for analyses (CED 1401 and 

Spike 2 v6.0, Cambridge Electronic Design, UK).     
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 Single muscle spindles were isolated and identified as type Ia or type II primary endings 

based on previously established criteria (Burke et al. 1979).  Briefly, type Ia afferents were 

identified by irregular firing frequency and by a characteristic dynamic firing response to the 

onset of muscle lengthening. Type II afferents were identified by their regular firing patterns and 

their reduced dynamic response to muscle lengthening.  Once spindles were identified, their 

response to passive movements at the ankle was recorded pre and post cooling over the skin of 

the foot (see details below). Cooling was delivered via 2 ice packets (each measuring 2 cm X 10 

cm) to the plantar surface (heel region) or dorsal surface (base of the ankle crease to mid-way 

down the foot).  The duration of cooling ranged from 5-15 minutes and surface skin temperature 

was monitored throughout with an infrared thermometer (Thermoworks, USA). Longer cooling 

times were targeted, as we have previously shown that the likelihood of reducing cutaneous 

receptor input increases with cooling times over 10 minutes (Experiment II, Lowrey et al., 

submitted). However, we have also shown that a portion of cutaneous receptors are completely 

reduced even after cooling for 2 or 5 minutes (Experiment II, submitted). Ultimately, cooling 

time was dependent on the quality of the recording and how long we felt that we could sustain an 

appropriate signal to noise ratio. The effects of cooling were assessed through ankle movement 

in 5 minute increments, to obtain the maximum data from each recorded unit. 

 

4.2.4 Passive ankle movement 

 The right foot was comfortably secured into a custom-built motorized pedal using Velcro 

straps and a rubber pad to isolate the subject from the electrical noise associated with the robotic 

pedal.  Ankle angle was maintained at a neutral angle that was comfortable for the subjects and 

did not result in muscle activity. This was usually slightly plantar flexed (between 120 – 140 °, 

similar to the initial starting position for a previous study where subjects reported that they felt 

‘neither dorsi nor plantarflexed (Lowrey et al. 2010). The movement of the pedal was tightly 

controlled (through a closed loop system) through various specified angles using a custom 

software program. The movement profile consisted of a ramp and hold movement. The foot was 

moved first into plantar or dorsiflexion (dependent on spindle location-see below) at a constant 

velocity (mean = 3°/s, median = 2.5°/s, range = 2-5°/s), was held at a target displacement (mean 

= 2.7°, median = 2.6°, range = 2-6°) for 3 seconds and then returned to the starting position (at 

the same constant velocity). The optimum amplitude and velocity were chosen for each spindle 
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to maximize spindle response to the ramp and hold movement without causing movement of the 

electrode. The direction of initial movement (either plantar or dorsiflexion) was chosen based on 

the muscle in which the spindle was located. If the spindle was in the dorsiflexors (i.e. TA or 

EDL) then the foot was initially moved into plantarflexion. In order to limit the amount of 

descending input onto the fusimotor system, participants were instructed not to focus on any 

particular aspect of the movement and to remain as relaxed as possible throughout the 

experiment. The angular movement of the right ankle was recorded with an electrogoniometer 

(Biometrics Ltd., Gwent, UK) centered at the joint axis of rotation. Prior to testing, a manual 

goniometer was used to evaluate/calibrate the accuracy of the electrogoniometer which was 

confirmed to be 1° within a range of 90°. All movements in the present study fell within this 

range.  

 In order to ensure that the movements were passive and that the subjects remained 

relaxed throughout the experiment, activity of the soleus, lateral and medial gastrocnemius and 

tibialis anterior muscles was measured on the right leg using surface electromyography (EMG).  

All EMG signals were bandpass filtered (10–1000 Hz,) amplified by 1000 (AMT-8, Bortec 

Biomedical, CAN) and digitized at a sampling rate of 2000 Hz (SPIKE 2 software version 7; 

Cambridge Electronics Design, UK). Raw EMG traces were visually inspected both on- and 

offline for any visible muscle activity.  

 

4.2.5 Data Analyses 

 All data were recorded in Spike 2 software and stored for further analyses. Using a 

template-matching analysis in the software program, the neurogram was processed and all spikes 

were isolated and identified (based on waveform shape) as belonging to a unitary spindle afferent. 

Any spikes that did not match the initial waveform were discarded.   

 For all spindle endings we calculated the Resting discharge, which was recorded as mean 

instantaneous frequency of firing from 1.5 - 0.5 seconds prior to each movement. In order to 

evaluate the static and dynamic sensitivity of the spindles to the ramp and hold movements we 

calculated the Hold rate and the Dynamic Index (Figure 4.1). The Hold rate was defined as the 

average instantaneous firing rate during the hold phase, 0.5 – 2.5s after the end of the ramp 

movement, and is known to have a significant relationship with joint position (Cordo et al., 

2002). The Dynamic Index was defined as the peak frequency during the ramp movement minus 
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the Hold rate. Ribot-Ciscar and colleagues (2009) showed that using the mean of the three 

highest frequency values at the end of the ramp phase instead of the absolute peak frequency 

value to calculate dynamic index resulted in a better representation of velocity sensitivity. 

Therefore, we calculated the peak frequency as the average of the three highest frequency values 

(Peak 3), and calculated Dynamic Index using the Peak 3. Coefficient of variation of resting 

discharge rates (prior to any movements or skin cooling) was calculated to compare variability of 

spindle firing in the current study with reports from previous studies and as indirect measure of 

fusimotor drive/excitation of the spindles at rest (Burke et al. 1979, Gandevia et al. 1994). The 

coefficient of variation is defined as standard deviation of the discharge rate divided by mean 

discharge rate.  

 Serial correlation coefficient was also calculated for the initial spindle resting discharge 

at the beginning of the recording, prior to cooling or ramp and hold movements. This parameter 

is thought to indicate the presence of gamma drive to spindle endings (Matthews and Stein 1969). 

This was calculated for each spindle to probe whether it was possible that background gamma 

drive was present, using the method for calculation outlined by Andreassen and Rosenfalck 

(1980):  

          N - 1 

Eq. 4.1:  ρ = 1/(N-1)  Σ [(xi- mean)(xi+1 - mean)/SD2] 
               i = 1 

 
(where ρ = serial correlation coefficient,  N = total number of intervals included in calculation 

(50), mean = mean of N intervals, SD = standard deviation of N intervals). 

           
Briefly, this technique evaluates the inter-spike intervals and is a measure of regularity of firing. 

A negative serial correlation indicates the likelihood that a long inter-spike interval will follow a 

shorter inter-spike interval (and vice versa), which is typically observed when spindles are under 

the influence of static gamma activation. If small numbers of intervals (less than 19 intervals) are 

used to calculate the serial correlation coefficient, it will be biased towards a negative value 

(Andreassen and Rosenfalck 1980). Therefore 50 intervals were used in the current analyses.  

4.2.6 Statistical Analysis 

 To evaluate the general effects of cooling (regardless of spindle type or cooling location) 

Student’s paired t-tests were used to compare dependent variables (Resting discharge, Hold rate, 

Peak 3 and Dynamic Index) between control movements and movements after cooling (variables 
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compared at 5, 10, 15 or 20 minutes, depending on the longest cooling time that was recorded). 

Variables were also compared when grouped by the location of cooling (plantar vs dorsum) 

using paired t-tests. Significance was determined at p ≤ 0.004 after a Bonferroni adjustment for 

multiple comparisons (p = 0.05/12 t-tests).   

 In order to evaluate changes in firing parameters in each spindle caused by a reduction in 

skin input, Dunnett’s Tests for multiple comparisons were used to compare dependent variables 

(Hold rate, Resting discharge, Peak 3, Dynamic Index) pre and post cooling. These tests were 

planned a priori to compare the firing parameters of each spindle, at various cooling time points, 

to their own control values. Two-sided Dunnett’s test statistics were calculated using Type I 

error of α = 0.05.  
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Figure 4.1 Response of a representative Type 1a afferent to ramp and hold stretch of the extensor 

digitorum longus muscle and example of parameters and indices calculated. Resting discharge was the 

mean instantaneous frequency from 1.5 – 0.5 s prior to ramp movement. Peak 3 was calculated as the 

mean of the highest 3 frequencies of firing during the ramp movement.  Hold rate was calculated as the 

mean instantaneous frequency during the hold length, taken 0.5 - 2.5 seconds after the completion of the 

ramp movement. From top, traces represent:  i) mean frequency of afferent firing (Hz),  ii) instantaneous 

frequency of afferent firing (Hz),  iii) individual action potentials (isolated from neurogram),  iv) 

goniometer trace (positive in this figure represents plantarflexion),  v) electromyography (EMG) as a 

measure of muscle activity; mV),  vi) neurogram (mv).  
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4.3 Results 

4.3.1 Sample characteristics 

 Fourteen spindle afferents were recorded. Of the initial fourteen, two spindles were 

unusable due to poor signal to noise ratio and five were from intrinsic spindles of the foot and 

were not included in the present analyses as they could not be consistently moved with the pedal 

in the current set up. Of the remaining seven spindle afferents, the majority were classified as 

secondary endings (n=5) and the remaining two were classified as primary endings (n=2) (Table 

4.1). The primary spindle endings (type Ia) innervated lateral gastrocnemius muscle (LG, n=1) 

and extensor digitorum longus (EDL, n=1).  The secondary endings (type II) innervated the 

soleus muscle (Sol, n=2), tibialis anterior (TA, n=1), lateral gastrocnemius (n=1) and flexor 

hallucis longus (FHL, n=1).  

 All seven spindles displayed a background resting discharge, and the mean was 6.5 Hz 

(median = 6 Hz; range = 1.5 – 12 Hz).  This is similar to previous reports of resting spindle 

discharge rates in the lower limb of humans (Burke et al. 1979). Mean Resting discharge of the 

two Ia spindle afferents was 5 Hz (S.D. = 1.7 Hz) and mean resting discharge of the five type IIs 

was 7 Hz (S.D. = 3.8 Hz). Coefficent of variation for resting discharge ranged from 0.03 to 0.57, 

which is identical to a previous range reported for spindle afferents in the upper limb (Gandevia 

et al. 1994). Mean coefficient of variation for type Ia endings was 0.44 (S.D. = 0.19) and for type 

II endings was 0.08 (S.D. = 0.088) in agreement with previous reports that coefficient of 

variation is lower in type II spindles compared to type Ia (Burke et al. 1979). One ending that 

was classified as a type II from the lateral gastrocnemius (based on its lack of dynamic burst in 

response to ramp movements) displayed spontaneous changes in background firing throughout 

the session. The onset of background discharge seemed unrelated to our cooling intervention and 

was most likely due to periodic muscle activity. When the coefficient of variation for this ending 

(0.21) was removed from the analyses, the mean coefficient of variation for the remaining 4 type 

II afferents was reduced to 0.04 (S.D. = 0.03).   
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4.3.2 Response to cooling the skin 

 To determine whether a reduction of cutaneous input during passive movement would 

affect spindle discharge rates, we measured firing parameters in response to ramp and hold 

movements before and after cooling the skin. The skin was cooled on the dorsum of the foot for 

four spindles, and on the plantar aspect of the foot for five spindles (it was cooled on both the 

plantar and dorsum for two spindles). Mean cooling time was 9.44 minutes (range 5 – 20 

minutes).  

 Cooling the skin with ice had no consistent influence on firing parameters for the spindle 

endings as a group. Paired t-tests revealed that when the data were pooled together, there were no 

significant changes in Resting discharge (p = 0.77) Peak 3 (p = 0.67) Hold rate (p = 0.39) or 

Dynamic Index (p = 0.76). Likewise, when the data were grouped according to the area cooled 

(dorsum and plantar), there was no significant difference in Resting discharge (p = 0.55 Dorsum; 

p = 0.36 Plantar) Hold rate (p = 0.67 Dorsum; p = 0.49 Plantar), Peak 3 (p = 0.42 Dorsum; p = 

0.36 Plantar), Dynamic Index (p = 0.54 Dorsum; p = 0.75 Plantar). Lack of an overall pattern of 

the group response is likely explained by individual responses within the group which were 

mixed, showing both increases and decreases in firing parameters in response to cooling the skin 

(Figure 4.2).  

 Dunnett’s tests of individual spindle responses revealed that in three spindles out of seven 

(43%) a reduction of cutaneous input resulted in significant changes in their discharge rates for at 

least one parameter measured. Table 4.1 summarizes the findings from the Dunnett’s tests and 

the significant changes in response of each spindle to cooling. For one type II spindle located in 

the soleus muscle, for which significant changes were found, low levels of muscle activity were 

observed in the lateral gastrocs during control testing.  Although the muscle activation did not 

appear to correlate to the changes in spindle firing, we have focused the analysis and discussion 

on the recordings from the two spindles where no muscle activity was observed (one Ia and one 

II).  

 For the Ia spindle innervating extensor digitorum longus, Dunnett’s test revealed that 

mean Resting discharge increased from 6 Hz to 10 Hz (p < 0.05) when the dorsum of the foot 

was cooled for 10 minutes (Figure 4.3).  In addition, mean Hold rate was increased from 9 Hz to 

12 Hz (p < 0.05).  Dynamic Index (Peak 3 – Hold rate) decreased from 12 Hz to 6 Hz but this 

was not statistically significant. Interestingly, similar overall changes were observable even after 
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only 5 minutes of cooling the foot dorsum (and were maintained at 10 min), while cooling the 

plantar aspect of the foot for 5 minutes had no significant effect on any firing parameters for this 

ending (see Figure 4.3B; p < 0.05).  The coefficient of variation of background firing for this 

spindle ending was 0.57 prior to cooling. In order to determine the putative background gamma 

drive to this unit, we calculated the serial correlation coefficient for resting discharge prior to 

cooling (over 50 inter-spike intervals). For this particular unit, a negative serial correlation was 

calculated (-0.41), which indicates that longer spike intervals tended to follow short inter-spike 

intervals and vice versa (Figure 4.4) supporting the idea that a level of static gamma drive was 

present in this unit, even at rest. Overall, negative serial correlation coefficients were found for 

the resting discharge in six out of the seven spindles (one type II ending in the tibialis anterior 

muscle had a positive coefficient of 0.04).  
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Table 4.1 Summary of spindle afferents and effects of cooling the skin on receptor response to ramp and 

hold movements at the ankle. No change (n/c), Tibial nerve (Tb) and common peroneal nerve (CP). 

Differences revealed by Dunnett’s test for multiple comparisons (p < 0.05) 
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Figure 4.2: Traces of firing parameters for each individual spindle at various time points of cooling. Grey 

traces represent endings for which the dorsum of the foot was cooled; black traces represent endings for 

which the plantar surface was cooled.  Dotted lines represent type Ia spindles and sold lines represent type 

II spindles. Two type Ia afferents were cooled on the dorsum and plantar aspects of the foot and each 

ending is represented by the same symbols in each cooling condition (   ) and (    ).  
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B)  
Figure 4.3: 

Example response 

of type  Ia afferent 

from EDL to ramp 

and hold 

movements pre and 

post cooling over 

skin of the foot 

dorsum. Cooling 

caused changes to 

Resting discharge 

and Hold rate. 

Unitary spikes are 

overlayed at top of 

the figure and skin 

temperature is 

displayed for each 

time point. From 

top, traces represent 

i) mean frequency of afferent firing (Hz), ii) instantaneous frequency of firing (Hz), iii) individual action 

potentials (isolated from neurogram), iv) goniometer trace (positive represents plantarflexion), v) 

electromyography (EMG) as a measure of muscle activity; mV), vi) neurogram (mv).  B) Mean Resting 

discharge, Hold rate, Peak 3 and Dynamic index displayed for the same Ia. Means and standard deviations 

of each measure are shown for: baseline, 5 min. of cooling (foot dorsum), 10 min. cooling (dorsum), 2 

min. heat (dorsum), (2
nd

) baseline, 5 min. cooling (plantar). Significant differences were examined 

between each cooling or heating time point and the respective baseline using Dunnett’s test (p<0.05).   
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Figure 4.4 Resting discharge of primary spindle ending from extensor digitorum longus. Inter-spike 

intervals were examined over 51 spikes (only 17 are shown in figure) and serial correlation coefficient 

was calculated (-0.41). A negative serial correlation coefficient indicates the serial pattern of long 

intervals followed by shorter intervals and vice versa and has previously been linked with background 

gamma drive, in particular gamma static (Matthews and Stein 1969). Traces from top: i) inter-spike 

intervals (illustrated graphically between the spikes for which interval time was calculated), ii) isolated 

action potentials, iii) goniometer trace (to indicate no movement of the ankle), iv) neurogram. 
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 For the type II spindle ending innervating flexor hallucis longus, Hold rate increased by 

0.66 Hz (p < 0.05) and Peak 3 was increased from 14 Hz to 15 Hz (p < 0.05) after cooling the 

dorsum of the foot for 15 minutes. Interestingly, these effects were not observed when cooling 

continued to 20 minutes. For this spindle, control tests were also undertaken to determine 

whether changes were related to cooling or could be caused by the length of time between testing 

intervals. Baseline measures were taken and the unit was allowed to continue firing at ambient 

temperature for 5 minutes before additional ramp and hold movements were performed. No 

significant changes were observed in any firing measures (p> 0.05). Serial correlation coefficient 

for the resting discharge of this spindle was calculated to be - 0.08. 

  

4.4 Discussion 

 This study examined whether a reduction of cutaneous input from the foot could affect 

fusimotor drive to spindles innervating muscles of the lower leg during passive movement at the 

ankle joint. Of seven spindle afferents recorded, three showed significant changes in their firing 

behaviour in response to cooling the skin. Two receptors showed convincing evidence that these 

changes occurred with no concurrent change in EMG activity. This result provides some of the 

first evidence of changes in fusimotor drive to resting muscles of the lower limb due to a 

decrease in cutaneous input. Our results are intriguing in light of little previous support for 

background fusimotor drive to resting muscles of the lower limb (Burke et al. 1979) and limited 

effects of cutaneous influences on fusimotor reflexes in humans (Gandevia et al. 1986, Aniss et 

al. 1988, Aniss et al. 1990). 

 

4.4.1 Task-dependence of cutaneous/fusimotor effects 

 Our results do build upon previous work that has shown cutaneous effects on fusimotor 

drive in humans to be task-dependent. In a series of experiments, Aniss and colleagues 

demonstrated that stimulation of cutaneous afferents from the footsole was able to reflexively 

alter fusimotor neurons innervating spindles of the lower limb. However, these effects were only 

observed when subjects were standing (Aniss et al. 1990) but not when they were reclined and 

relaxed (Gandevia et al. 1986), or reclined and maintaining an isometric contraction (Aniss et al. 

1988).  The authors concluded that cutaneous influence on fusimotor effects was task-dependent 



98 

 

 

 

and standing unsupported represented a task in which subjects were now reliant on 

proprioceptive feedback, a scenario where an increase in fusimotor control would be beneficial 

(Aniss et al. 1990).   

 In the upper limb of humans, stronger evidence of cutaneous influence on fusimotor drive 

was shown for tendon taps rather than to passive resting muscle spindles (Gandevia et al. 1994) 

indicating that it is changes to dynamic gamma drive, and thus dynamic response to length 

changes, where cutaneous input is manifested. However, tendon taps were also investigated in 

the lower limb and no substantial change to spindle response was observed (Gandevia et al. 

1986). Length changes to spindles induced by passive movement of the foot are likely to be more 

functionally relevant than tendon taps, as receptors from the surrounding tissues (joint and 

cutaneous in particular) will also respond to the movement. It is well established that cutaneous 

receptors provide movement-sensitive cues during rotation at the ankle (Aimonetti et al. 2007). 

Input from these receptors and from joint afferents during movement may be important in the 

regulation of fusimotor reflexes (Ellaway et al. 1996)    

 

4.4.2 Gamma dynamic or gamma static activation  

 The changes in spindle sensitivity observed in two of seven spindles in response to skin 

cooling are likely to represent an increase in static gamma. The currently held belief is that there 

is little (if any) gamma drive (static or dynamic) to resting muscles of the lower limb in humans 

(Gandevia et al. 1986, Aniss et al. 1989). In the upper limb, however, activation of skin receptors 

caused both an increase and, perhaps more importantly, a decrease in spindle response to tendon 

taps (Gandevia 1994). This suggested the presence of a background level of dynamic fusimotor 

drive to the resting muscle that is capable of being increased or decreased. However, despite 

strong evidence of static gamma to resting muscle in feline preparations (Matthews and Stein 

1969), there is, to date, no strong evidence for static gamma in humans, either background levels 

to resting muscle or evidence of changes in static drive due to cutaneous activation. In the 

current study we observed an increase in resting discharge and hold rate of a Ia spindle, (coupled 

with a decrease in dynamic index, although not significant) which strongly suggests an increase 

in static gamma activation to this afferent (Crowe and Matthews 1964). Other evidence of static 

gamma activation comes from the characteristic ‘negative serial correlation’ observed during the 

resting discharge, that is, short inter spike intervals are more likely to follow long inter spike 
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intervals and vice versa (Matthews and Stein 1969).  This has previously be shown in the cat as 

indicative of static gamma drive but has not, of yet, been shown in resting human spindles. 

 In addition, the background discharge rates of our recorded endings were more variable 

than those previously recorded for the lower limb in humans. Previous work has shown 

coefficients of variation of 0.021 – 0.183 in the resting lower limb of humans (Burke et al. 1979). 

However, in a study that found resting gamma drive to the upper limb, the range of coefficients 

of variation observed was 0.03 – 0.57 which is identical to the range observed in the current 

study (Gandevia et al. 1994). In the cat, de-efferented spindles under no influence of gamma 

motor neurons, displayed low coefficients of variation (0.063 for type Ia and 0.020 for type II) 

but these were increased in response to gamma innervation (to 0.25 for type Ia and 0.064 for type 

II). This could indicate that overall, a higher coefficient of variation is indicative of gamma 

motor drive, which supports our findings. However, Burke et al. (1979) found that coefficients of 

variation were not always correlated with the increased spindle discharge frequency observed 

with increased voluntary contraction strengths in single muscle spindles. This suggests that in a 

single ending, measures of variability may not accurately reflect the level of gamma drive to that 

specific spindle.    

 It is difficult to explain why we saw a putative increase to static gamma drive, when this 

has not been previously observed in resting human muscle. We believe the difference may lie in 

our method of altering cutaneous input. In the current study we reduced cutaneous receptors, 

whereas most previous work artificially activated cutaneous input (Gandevia et al. 1986, Aniss et 

al. 1989, 1990a, 1990b, Gandevia et al. 1994). It may be that cutaneous receptors inhibit static 

gamma drive to muscle spindles in passive lower limb muscles. A reduction in cutaneous 

feedback would serve to remove some of this inhibition and thus, increase static gamma drive to 

muscle spindles. As a result, this would increase static position sense, and length sensitivity in a 

situation where input from skin receptors is reduced. In the cat, activation of skin on the foot 

dorsum excites static gamma at rest, but the same stimulation inhibits static gamma during 

flexion and extension movements of the ankle during decorticate locomotion (Murphy 1999). In 

the current paradigm, the passive flexion/extension movements may be sufficient to trigger this 

phase-reversal of effects, even in the absence of muscle activation.  

 Increase in static gamma is also observed with voluntary activation of the muscle (Burke 

et al. 1979) so we cannot rule out the possibility that, despite our best efforts to keep the subject 
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relaxed throughout testing, low levels of muscle activity undetectable through surface EMG 

could have caused these changes. However, since the increases in resting discharge and hold rate 

that we observed were so tightly coupled with skin cooling, we argue that this could not have 

been an effect of unspecific, low levels of muscle contraction throughout the entire 43 minute 

recording.  Additionally, cooling of the dorsum skin, versus plantar skin for 5 minutes 

demonstrated different results in one Ia afferent.  

 Increased gamma static drive could also arise from supraspinal inputs (Hospod et al. 2007, 

Ribot-Ciscar et al. 2008). In a proprioceptive task, when subjects were told to focus on either the 

velocity or positional aspect of ankle movements, appropriate changes in fusimotor drive 

occurred (Ribot-Ciscar et al. 2008).  The dynamic sensitivity increased when subjects focused on 

velocity and static sensitivity increased when subjects focused on position, suggesting 

independent central control of fusimotor drive. This is unlikely to play a role in the current study 

since, in order to limit supraspinal contributions, we instructed participants to remain relaxed 

throughout the experiment and not to focus on any particular aspect of the passive movement.    

 

4.4.3 Temperature effects on spindle response 

 It is possible that the current results could arise from temperature effects on spindle 

sensitivity, rather than a decrease in cutaneous mechanoreceptor input. There is evidence from 

reduced feline preparations that cooling spinal areas (Sato 1981) and spindles themselves 

(Fischer and Schafer 1999) can alter the response of muscle spindles. In fact, this effect is 

exploited by therapeutic treatments for intention tremor in multiple sclerosis (Feys et al. 2005). 

Sustained cooling over the muscles reduces muscle tremor presumably due to, in part, a change 

in spindle sensitivity. For these reasons we cooled the skin at areas remote from the muscle belly 

in order to avoid direct effects of changing the temperature surrounding the spindles. However, 

cooling remote areas of skin in the cat can also influence gamma motor neuron firing (Sato 1977) 

and influence spindle response to ramp and hold movements (Sato 1983). Cooling the skin of the 

foot pad increased the dynamic index, absolute peak and hold response in 46% of the type Ia 

afferents recorded (no effect of cooling was observed in type II afferents; Sato 1981). This would 

likely be a result of increase dynamic gamma drive to Ia spindles and this connection is thought 

to contribute to a ‘shivering’ response by developing instability in the muscle spindle servo loop 

(Sato 1981). In the current study we found putative increases in static gamma in response to 
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cooling (and as a result changes in both type Ia and type II spindles) indicating that temperature 

is not likely to have caused the observed response, at least through the same mechanism shown 

in the cat. We know that cooling the skin causes a decrease in cutaneous mechanoreceptor 

activation (Experiment II, submitted 2012) and this is more likely the reason for the changes in 

fusimotor drive.  

 

4.4.4 Functional Significance to passive joint movement tasks 

 In the present study, three out of seven recorded spindles changed their firing frequency 

in response to a reduction of cutaneous input. Of these, it is likely that two spindles were 

influenced by changes in fusimotor drive without concomitant changes in alpha-motor activation, 

probably due to increased static gamma activation. The functional result of increased static 

fusimotor drive may be an increased positional sensitivity in a situation where the position cues 

that would normally be garnered from cutaneous receptors are reduced. However, the fact that 

previous studies have reported proprioceptive deficits when cutaneous receptors are reduced 

(Cordo et al. 2011, Lowrey et al. 2010), suggests that any changes in spindle sensitivity do not 

entirely compensate for the loss of cutaneous input. It may be that the compensatory response 

(i.e. increased gamma static drive) is not large enough to be effective. This may be especially 

true for the small changes observed for the type II spindle (increases in resting and hold rates by 

0.18 and 0.66 Hz respectively). However, human spindles tend to have very low positional 

sensitivity values (Cordo et al. 2001) with reported mean values as low as of 0.143 Hz/° for 

secondary endings (Vallbo 1974). Therefore changes of 0.18 and 0.66 Hz could correspond to 

angular changes of approximately 1 – 5°. On the other hand, it is interesting to note that for the 

primary ending, the increase in Resting discharge was proportionately greater than the increase 

in Hold rate. If the CNS compares the difference between these two measures (i.e. the ‘Static 

Difference’, which is equal to Hold rate minus Resting discharge and is related to positional 

sensitivity of spindles, Taylor et al. 1992, Cordo et al. 2002) the result would be an overall 

decrease in static difference, and potentially a net decrease in position sensitivity.  In addition, it 

is the population response of spindles rather than input from individual spindles that provides 

direction-specific information regarding joint movement. Since convincing changes were only 

observed in two spindles, it is difficult to argue that cutaneous alteration of spindle sensitivity 

during passive movement plays a large role in proprioception during a passive matching task.  
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However, it must be noted that given the small sample of spindles tested the percentage of 

spindles influenced in the current paradigm (29%) is similar to previous findings of cutaneous 

influences on fusimotor neurons: 29% (Gandevia et al. 1994) and 22% (Aniss et al. 1990).  

4.4.5 Conclusion 

 This study has demonstrated for the first time that a reduction in cutaneous input in 

humans can alter the sensitivity of muscle spindle discharge, most likely via static gamma drive. 

Significant evidence of this change occurred in two out of the seven spindles recorded, during 

passive movement of the ankle joint. These limited observations suggest that the proprioceptive 

decrements caused by reduction of skin input during commonly used passive matching 

paradigms, are primarily caused by changes to the central input of the cutaneous receptors 

themselves. However these findings show that, at least in part, a contribution of altered muscle 

spindle sensitivity cannot be ruled out entirely. We have shown that a reduction of skin sensation 

is capable of increasing the static response of primary muscle spindles during passive movement 

of the ankle, even when subjects are not attending to the task. These effects may become more 

evident when the task becomes ‘proprioceptive’ in nature (i.e. position matching task). Other 

implications for these findings extend to scenarios when larger portions of skin input may be 

reduced, such as peripheral neuropathies and even healthy aging. A reduction of larger areas of 

skin may reveal stronger effects on the fusimotor system and larger changes in spindle sensitivity. 

Our results support the view that fusimotor drive to spindles in the lower limb of humans 

depends on the task (i.e. passive movement compared to resting muscle or tendon taps) and that 

cutaneous inputs may serve to set the background level of spindle sensitivity.       
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 CHAPTER 5 Summary, Conclusions and Recommendations 

 

5.1 General Findings 

 The overall goal of this thesis was to evaluate the role of skin in proprioception at the 

ankle joint, in particular, of skin overlying the dorsum of the foot and ankle.  The results from 

the three thesis experiments contributed to three main conclusions. First, skin from the dorsum of 

the foot and ankle is necessary for accurate proprioception at the ankle. Second, this is due in 

large part to the independent contribution of skin receptors to proprioception while a small 

portion may be attributable the influence of cutaneous input on the sensitivity of muscle spindles. 

These adjustments to spindle sensitivity, caused by changes in fusimotor drive to the spindles, 

may be triggered through polysynaptic reflex or supraspinal connections.  Third, cooling the skin 

with ice is an effective way to reduce the output from all four types of cutaneous 

mechanoreceptors.  

 

5.2 Skin is necessary for proprioception at the ankle joint 

 The findings of Experiment I confirmed the hypothesis that cutaneous input from the area 

of skin covering the dorsum of the foot and ankle is necessary for accurate proprioception at the 

ankle joint.  When input from this area of skin was reduced with a topical anesthetic, accuracy in 

an ankle matching task was reduced, while variability was increased. Although the effects were 

modest, matching errors were statistically significant and should be considered functionally 

important in light of the fact that muscle spindles were intact. In other words, proprioception was 

negatively impacted by reducing a relatively small area of skin, and spindles were unable to 

compensate for the loss of skin input. This extends previous work that indicated cutaneous 

receptors are capable of providing direction-sensitive cues regarding ankle joint rotations 

(Aimonetti et al. 2007) and demonstrates that the CNS requires this information for accuracy 

during a proprioceptive task.    

 Considering the prevalence of stretch-sensitive SA II receptors that respond to movement 

at the ankle (Aimonetti et al. 2007) and other joints (Edin and Abbs 1991, Edin 1992, Grill and 

Hallet 1995, Edin 2001), it is reasonable to assume that the majority of the cutaneous 

proprioceptive input is caused by skin stretch associated with joint movement.  This idea is 
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supported by studies that have evoked illusory movements by stretching skin surrounding a joint 

in a way that mimics stretch due to natural joint movement (Collins and Prochazka 1996, Collins 

et al. 2000, Collins et al. 2005). The reduced accuracy and increased variability in matching 

performance is therefore likely a result of the reduction of the stretch-induced cues caused by 

anesthesia of the skin. It has been shown however that all classes of cutaneous receptor in the 

lower limb can respond preferentially to specific directions of movement depending on their 

location (Aimonetti et al. 2007). Cutaneous receptors on the dorsum of the foot and ankle 

respond preferentially to movements in the plantarflexion direction, leading to the secondary 

hypothesis that anesthetization of skin in this area would influence plantarflexion only. Contrary 

to this supposition, anesthetization of skin on the foot dorsum impaired proprioception for 

dorsiflexion movements also. This finding suggests that important proprioceptive information is 

derived from cutaneous receptors in response to movements that may be in their non- preferred 

direction as well as their preferred one.  Further, it may be the summation or contrast between 

cutaneous information from both sides of the joint that fully codes for joint orientation and 

movement. For example the stretch that occurs on one side of the joint, coupled with the 

compression on the other side, could be integrated within the CNS. This idea was previously 

brought forth by Collins et al. (2005) who suggested that manipulating the skin on both sides of a 

test joint may result in a more realistic skin strain pattern and therefore stronger illusions of 

movement. In a similar way, during an active movement, the muscle spindles from both agonist 

and antagonist muscles surrounding a joint code for the velocity and direction of the movement 

(Ribot-Ciscar and Roll 1998). That is to say, it is the contrast of the spindle discharge between 

the lengthening muscles and shortening muscles (with the help of fusimotor activation) that code 

for position and velocity of movements. An analogous effect in cutaneous receptors may be 

increasingly important during passive movement where spindles in shortening muscles would 

likely be silent (Roll and Vedel, 1982).  

 Another explanation was postulated in the thesis for reduced proprioception in 

dorsiflexion movements following anesthetisation; that a reduction in skin input altered the 

sensitivity of muscle spindles. During a passive dorsiflexion movement, spindle discharge from 

the lengthened plantarflexor muscles would presumably provide the largest proprioceptive input 

(since the range of dorsiflexion was well within the extremes of movement, thus the contribution 

of joint receptors should be considered negligent; Clark 1975). In the cat, activation of skin on 
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the dorsum of the foot increased static gamma but decreased dynamic gamma drive to the 

plantarflexor, medial gastrocnemius at rest (Murphy 1999).  Can it be assumed then, that if the 

same mechanism was operating in the human, a reduction in cutaneous input would have the 

opposite effect, namely a decrease in static and increase in dynamic gamma drive? If positional 

sensitivity of spindles was decreased with a lack of cutaneous input, this could explain why 

positional errors were encountered in Experiment I. The results from Experiment III support the 

hypothesis that a reduction in skin is capable of altering spindle sensitivity. However, contrary to 

what was expected, a reduction in skin sensation caused an increase in resting spindle discharge 

and hold rate, indicative of an increase in gamma static activation. These findings are unexpected 

in light of the reflex effects of cutaneous stimulation that were observed in the cat at rest. 

Importantly, however, it should be noted that during locomotion, the cutaneo-fusimotor reflexes 

were reversed in the cat, and static gamma was inhibited during flexion and extension, 

sometimes phase-dependently (Murphy, 1999).   

 The current view surrounding the influence of cutaneous input onto fusimotor neurons is 

one of task-dependence, suggesting that the type of activity is likely to have a large impact on the 

gain and direction of reflex effects (Aniss et al. 1990, Gandevia et al. 1994, Murphy 1999). 

Sensory modulation of gamma effects may be more important during proprioceptively relevant 

tasks. In the human, greater incidence of cutaneous alteration of fusimotor drive occurred when 

subjects were standing unsupported (Aniss et al. 1990) compared to when they were recumbent 

(Gandevia et al. 1986, Aniss et al. 1988). It is suggested that this is due to supra-spinal control 

over peripheral spinal circuits, a postulation which is in concert with the idea of ‘fusimotor set’ 

(Prochazka et al., 1985).  In the cat, cutaneo-fusimotor effects are much harder to evoke in 

freely-moving animals compared to reduced preparations, most likely due to supra-spinal 

influences (Loeb et al. 1985).     

  Functionally, the results from Experiment III, although limited, could reflect an attempt 

by the CNS to increase the sensitivity of one proprioceptor source in response to the reduction or 

absence of another. The idea of sensory re-weighting is not a new idea but generally involves a 

central re-weighting of sensory information if one or more systems are un-reliable (Day et al. 

2002, Vuillerme and Pinsault 2007). That is, the CNS will ‘pay more attention’ to the most 

reliable sensory source whether it is vision, somatosensory or vestibular. Our results support the 

view that this may also occur within the somatosensory system, through the linkage between two 
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sensory modalities (cutaneous receptors and muscle spindles) and exploits the unique aspect of 

muscle spindles in that their peripheral sensitivity may be altered via fusimotor connections.  

 When we consider the findings of the matching task in Experiment I in light of the results 

from Experiment III, it is possible that position sensitivity of the spindles was somewhat 

increased when skin sensation was reduced. Further speculating from Experiment III, this 

increase in spindle sensitivity could have occurred in both plantar and dorsiflexor muscles. In 

Experiment III where the foot was passively moved, and the task did not include a proprioceptive 

component, we can be more certain that fusimotor changes were not driven by supraspinal input. 

In contrast, the proprioceptive aspect of the matching task in Experiment I rendered it possible 

that any changes in fusimotor drive that may have occurred originated from multiple sources. 

There is evidence of increased static gamma activation during a ‘normal’ proprioceptive task that 

involves discriminating between different positions (Ribot-Ciscar et al. 2009). Therefore during 

the target matching task, spindle sensitivity may have been altered either directly, due to changes 

in input from cutaneous receptors, or due to supraspinal input, or, perhaps most likely, a 

combination of both. It must be noted however that despite counteractive attempts, matching 

accuracy was still negatively impacted, and thus the reduction of skin input was not fully 

compensated for by any means of increasing spindle sensitivity. This suggests that there are 

aspects of joint movement that are uniquely coded for by cutaneous receptors.  This idea is 

supported by a recent study that attempted to elucidate the specific contributions of muscle 

spindle and skin input to two particular aspects of movement sense: velocity sense and dynamic 

position sense (Cordo et al. 2011). It was determined that while velocity sense can be coded by 

both skin and spindle receptors, dynamic position sense was uniquely coded by skin. Participants 

in Experiment I may have been relying primarily on dynamic position cues (i.e. instantaneous 

position of the foot over several time points) and this may explain why errors in matching 

persisted in spite of potential increases in the positional sensitivity of spindles.  

 

5.3 Cooling is an effective way to reduce skin input 

 A secondary but necessary aim of the thesis was to establish an effective way to reduce 

skin sensory feedback suitable for use with microneurography.  Cooling with ice was an ideal 

method to quickly reduce skin input that would increase the likelihood of collecting data on 

muscle spindles during the skin reduction protocol. Often, afferent recordings are not stable and 
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will not last beyond identification and classification of a single unit. Thus, it is imperative to use 

efficient methodology to ensure as much time for data collection as possible. Another advantage 

of the use of ice to cool the skin is that the effects are quickly reversible by heating for most 

receptors (Experiment II). This was of particular importance to Experiment III as it allowed us to 

show a return to baseline coupled with the return of skin sensation, to further ensure that the 

change in spindle sensitivity was due the cooling intervention and not to other, un-related factors 

(such as supraspinal input or changes in ankle angle). In addition, the return to baseline allowed 

for the comparison of cooling multiple areas of skin while recording from the same spindle 

afferent.  

 An interesting finding from Experiment II was the change in neural code arising from the 

cutaneous receptors in response to cooling.  Our results suggest that although we can be certain 

that at least a portion of cutaneous receptors have completely stopped firing in response to 

cooling, a population may remain that are firing at reduced or altered discharge rates in response 

to movement at the ankle.  It is especially interesting to note that slowly-adapting receptors lost 

the ability to respond continually to a sustained indentation or stretch and in essence, behaved 

more like fast-adapting receptors. This is of particular importance when considering the primary 

role of stretch-sensitive SA II receptors to coding joint movement. A limitation to the current 

body of work is that it is difficult to compare results of cooling (Experiments II and III) with the 

topical anesthesia used for Experiment I. Suffice to say that cutaneous input was reduced in both 

situations, but the response of individual cutaneous receptors may not be influenced the same by 

cooling and anesthesia. Future work should examine the effects of topical anesthesia on the 

individual firing rates of cutaneous receptors, although this would be challenging to do in 

humans using microneurography.         

 Another potential limitation of the current body of work is that although the dorsum of 

the foot was targeted in Experiments I and III, the examination of cooling in Experiment II was 

focused on the plantar aspect of the foot. This was necessary primarily due to constraints of the 

experimental set up and using microneurography to record from skin receptors. Recordings from 

the tibial nerve (innervating skin on the bottom of the foot) are more stable due to the anatomical 

location of the nerve deep within the popliteal fossa. This allowed the length of afferent 

recording needed (often 30 – 45 minutes) to complete the experimental paradigm.  Recording 

from the common peroneal nerve would target the area of skin on the dorsum of the foot 
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however the stability of these recordings is lower due to the superficial nature of the recording 

site. Overall, the difference between the two areas of skin is not likely to have resulted in major 

changes in the way the receptors responded to cooling. In the one other study that has examined 

cooling effects on skin receptors, the shorter paradigm of investigating receptor response to 

monofilaments allowed the researchers to collect data from non-glabrous skin (Kunesch et al. 

1987). They found little difference between cooling effects on the glabrous and non-glabrous 

receptors, only slightly longer recovery time post cooling for receptors in the non-glabrous skin. 

These results suggest that, if anything, cooling skin on the dorsum of the foot in Experiment III 

may have been more effective in reducing the firing response of the spindle receptors. 

Differences between plantar and dorsal foot regions could be due to changes in skin thickness, as 

skin on the dorsal area tends to be less thick than skin in the plantar region (Lee and Hwang 

2002). The thickness hypothesis is supported by observations in Experiment II where longer 

recovery times for FA Is were seen in the toes compared to heel region and a larger reduction of 

firing response in receptors of female compared to male subjects, potentially attributable to 

differences in skin thickness (McPoil and Cornwall 1996, Lee and Hwang 2002, Chao et al. 

2011).  Although the overall findings of the current thesis are likely uninfluenced by the 

examination of different areas of skin, a further investigation of the effects of cooling skin on the 

foot dorsum is warranted.    

 

 

5.4 Significant Contributions and Future Directions 

 

5.4.1 Significant Contributions  

 Overall, this thesis has contributed novel findings to the area of research surrounding the 

role of skin in proprioception at the ankle joint. This work extends previous literature regarding 

other joints (Collins et al. 2005) and other areas of skin to confirm that skin from the dorsum of 

the foot is necessary for accurate proprioception at the ankle (Lowrey et al. 2010). Our findings 

suggest that skin operates primarily as an independent proprioceptive channel in a passive 

matching task, potentially signaling cues of dynamic position (Cordo et al. 2011). We have also 

shown for the first time, the potential for cutaneous modulation of fusimotor drive to spindles in 
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resting muscle of the lower limb during passive ramp and hold movements. Our results support 

the current view that sensory modulation of fusimotor drive is largely dependent on the task as 

well the area of skin that is stimulated/reduced. Finally, the current work has demonstrated that 

cooling over the skin with ice, is an effective way to reduce the response of mechanoreceptors to 

vibration and sustained indentation. With the use of microneurography, this work has uncovered 

changes in the neural code arising from cooled receptors, previously indemonstrable through 

psychophysical testing. All receptors code lower frequencies when they are cooled, which may 

be perceptually manifest as a decreased detection of higher frequencies only, leading to the 

previously-held hypothesis that only FA II receptors are influenced by cooling. Our work has 

conclusively demonstrated that cooling reduces vibration response of all four classes of 

mechanoreceptor.     

 

5.4.2 Future Directions 

 

 The implications and future directions of the primary findings in the current thesis can be 

targeted towards two separate research areas. First, the findings warrant further probing into the 

role of cutaneous receptors in proprioception and motor control. The evidence of skin’s 

important role in proprioception at the ankle from the current work should be extended to include 

active movements. It was necessary to first establish the role of skin in isolation from the 

influence of voluntary drive and corollary discharge associated with active movements. However, 

it has been shown that movement sense is more accurate during active motions (Fuentes and 

Bastian 2010) suggesting that corollary discharge provides cues that are capitalized on by the 

CNS. It is important to build on the findings of the current work and determine how the role of 

skin is manifest during an active proprioceptive task.   

 In addition, our findings merit further investigation of the reflex connections between 

cutaneous receptors and fusimotor neurons. Our results have provided evidence of fusimotor 

drive to muscles of the lower limb during passive movements, which renders this an 

advantageous paradigm over resting muscle, isometrically contracting muscle, or even tendon 

taps.  Future work should exploit this paradigm to thoroughly investigate and characterize the 

type of cutaneo-fusimotor effects that exist in the lower limb. Once a foundation of cutaneo-
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fusimotor effects is established, it may then be possible to extend the examination to include 

more active movements.  

 One difficulty in estimating the level of gamma drive through resultant changes in 

spindle sensitivity is the actual level of gamma activation may not be truly represented. There is 

the likelihood that mixed effects of dynamic and static gamma input may result in a certain 

amount of cancellation in the resulting spindle discharge which could mask the true extent of a 

cutaneous influence (Murphy 1999, Burke et al. 1990, Gandevia et al. 1994). In addition, in the 

one putative recording from a gamma motor neuron, it was observed that discharge rates from 

the neuron, especially at rest, were present, but at low levels that did not result in an observable 

change in spindle sensitivity (Ribot et al. 1986). Taken together, these findings could indicate 

that at rest or during passive movements, the actual influence of cutaneous inputs onto gamma 

motor neurons may be muted. Following from this, one possible theory could be that peripheral 

input from cutaneous (or other proprioceptive afferents) may serve to alter the threshold for 

activation of the gamma motor neurons. This has been documented for external cutaneous 

stimulation (with vibration) and spindle activation threshold in response to voluntary contraction 

(Burke et al. 1980). Vibration of the skin on the dorsum of the foot lowered spindle activation 

threshold to contractions of the tibialis anterior muscle in humans. The difficulty in making 

conclusions surrounding this type of finding is that the change in threshold could reflect an 

increase in excitation to fusimotor neurons or increased inhibition to alpha motor neurons (Burke 

et al. 1980). However, an isolated activation threshold of gamma motor neurons may be 

elucidated in other ways. Rothwell et al. (1990) used trans-cranial magnetic stimulation to show 

that gamma motor neurons can be activated centrally, but not in isolation from alpha motor 

neurons. Changes in cutaneous input paired with passive movements and targeted transcranial 

magnetic stimulation, may reveal more potent effects on spindle sensitivity via changes in 

threshold for activation, free from general effects of voluntary supraspinal input.    

 The second area in which our results may prove to be valuable involves clinical or 

rehabilitative research. The importance of skin receptors to proprioception at the ankle was 

established in the current work, with the caveat that muscle spindles also play an undeniably 

important role. The novel findings of our work include the dual outcomes that skin on the 

dorsum of the foot and ankle is important to proprioception and the additional finding that a 

reduction in skin input can alter spindle sensitivity.  
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 Peripheral change to the fidelity of skin sensation is common in clinical conditions 

associated with peripheral neuropathy such as diabetes (Holewski et al. 1988) and is even 

experienced in healthy aging.  Our results have implications for these populations as the chronic 

loss of skin input may negatively impact proprioception at the ankle joint. The majority of 

studies that have investigated skin changes in these populations have focused on the skin of the 

foot sole. The documented changes to foot sole skin with age include decreased proportions of 

receptors within the skin (Bolton et al. 1966), decreased pressure sensitivity (assessed by 

monofilaments) and decreased vibrotactile sensitivity (Perry 2006). Evidence to directly link 

decreased skin sensitivity to age-related balance deficits is lacking, but indirect evidence arises 

from work in younger adults. When foot sole skin sensitivity in a healthy young population is 

artificially reduced (via cooling, ischemia or anesthetic, which could mimic aging effects), 

postural instability is increased (Magnusson et al. 1990a, 1990b, Perry et al. 2000, Meyer et al. 

2004) indicating that skin information from the foot sole is important to postural control.  In 

addition, decreased vibration sensitivity and 2 point discrimination on the foot sole have been 

observed in groups of older adults that also display increased postural sway and a history of falls 

(Kaye et al. 1994, Melzer et al. 2004).    

 It is clear that skin information from the foot sole is important to posture, but ankle 

proprioception is also an important contributor to balance control in older adults.  In sensory 

organization tests (SOT), using computerized dynamic posturography (CDP), visual and support 

surface conditions are manipulated to adjust the reliability of visual input and somatosensory 

input at the ankle (Peterka and Black 1990). Older adult populations experience large deficits in 

balance during test conditions that reduce proprioceptive input at the ankle, suggesting a heavy 

reliance on this information (Judge et al. 1995, Camicoli et al. 1997). This may be of concern 

given that dynamic position sense is reduced in older adults (Verschueren et al. 2002) and could 

eventually lead to postural instability.  The findings from Experiment I, that skin on the dorsum 

of the foot and ankle in necessary for ankle proprioception, highlight the importance of 

evaluating foot dorsum skin sensitivity in older adults. Future paradigms should aim to elucidate 

how changes in the fidelity of skin sensory input from these areas may manifest as decreased 

ankle proprioception and ultimately balance deficits. There is evidence that age-related decreases 

in skin sensitivity do extend to the dorsum of the foot and anterior aspect of the leg (unpublished 

observations from our laboratory; Figure 5.1). In light of the findings from the final study of this 
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thesis, the chronic loss of skin input over larger areas may directly contribute to deficits in 

proprioception and postural control, but in addition may alter the level of fusimotor drive to the 

spindles. In the intriguing findings of one study, dynamic position sense at the ankle was lower 

in a population of healthy older adults compared to younger subjects, however, this was in spite 

of a supposed increase in spindle sensitivity (as evidenced by larger illusory movements in 

response to vibration; Verschueren et al. 2002). This could reflect a ‘long term version’ of the 

effects observed in the current thesis, such that a reduction of skin sensitivity due to aging may 

result in a partial increase in spindle sensitivity, but an overall decrease in dynamic position 

sense at the ankle. In summary, future studies aimed at evaluating peripheral sensory losses and 

proprioceptive or balance deficits in older adults should focus not only on the skin of the foot 

sole but also skin on the foot dorsum. In these studies, the use of cooling may serve as an 

effective analog to the reduction of skin sensitivity experienced in aging, representing a decrease 

in sensitivity and altered function of all receptor types but without a complete loss of skin input.   

 The current thesis has taken major steps towards elucidating the role of skin in 

proprioception at the ankle joint. The findings suggest that skin plays a unique and important role 

and loss of this input may be detrimental in the discrimination of position and movement at the 

ankle.   
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Figure 5.1 A) Locations on the anterior lower leg and foot where sensory thresholds were measured using 

calibrated von Frey hairs (Semmes-weinstein monofilamts) in an older (n=13) and younger (n=12) adult  

population.  B) Sensation of the lowest, reliably detected monofilament is represented as applied pressure 

(g/mm
2
).  Higher pressure thresholds are indicative of a decreased sensitivity. Analysis of Variance 

revealed that older adults had a significantly higher threshold at each location (F 1,23 = 47.9, p < 0.001). 

These findings indicate a marked decline in skin sensitivity on the dorsum of the leg and foot with age. 
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