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PREFACE 4" PRINTING
EVALUATION OF SENSIBILITY AND RE-EDUCATION OF SENSATION

When I wrote Evaluation of Sensibility and Re-Education of Sensation in 1980, I had finished my
Plastic Surgery residency at Johns Hopkins Hospital and Hand Surgery fellowship with Dr Raymond T.
Curtis in Baltimore. I was beginning my private practice and writing my first book. It was an amazingly
exciting academic time. It is now 35 years later, and time to look back at the impact of my first book and
decide if it is time for a new printing of this material.

I remember that in preparing the first edition of this book, I would walk and think up subtitles for
the chapters. I would go to the Hopkins Library, find each original reference, and actually read it. The
drafts of each chapter were hand written and then typed. The finished draft was taken to Williams &
Wilkins, the publishing company, with me praying they would accept to print and publish it. Today,
writing is composed upon the computer, saved to the hard drive, reformatted by a graphic designer, and
published on line. A huge transformation of the publication process. Today, I have published five
different books, each with various iterations and subsequent printings. I have published more than 450
scientific papers in peer-reviewed journals. I have published more than 100 book chapters in other
doctors’ books. Most of this material is available online, especially at Dellon.com.

THE MATERIAL PUBISHED IN THIS, MY FIRST BOOK REMAINS RELEVANT, AND YET
UNAVAILABLE TO MOST READERS INTERESTED IN THE SUBJECT OF SENSIBILITY
EVALUATION, THE HISTORY OF NEUROSENSORY TESTING, AND SENSORY REHABILITAITON.

It is time for my early research and that of the researchers before me to be made available on the
internet. The first edition has been “remastered” as they say in the music industry. Simply put, the book,
which was never placed into digital media, has been retyped and reformatted, but otherwise unchanged
from the original. Only this Preface has been added. Towards that point, great thanks go to Elaine
Lanmon (justsk8@gmail.com), the graphic designer, Scott Eagle (scott@highlevelstudios.com), my
webmaster for Dellon.com, and Lightning Source (http://www.lightningsource.com), the online publisher.
Finally, to Luiann Olivia Greer, my wife, and partner since 1997, I give profound thanks and gratitude for
providing the peaceful and creative environment in which I have been able to research, write, and
educate.

The contents of the book can be downloaded in its entirety and obtained as a bound version from
Amazon.com, or each of the three different parts of the book can downloaded separately, for free at
Dellon.com.

From the perspective of 35 years, hindsight reveals that the first section of Evaluation of
Sensibility and Re-Education of Sensation, Back to Basics, has material still not available in any

collection anywhere else. For this section alone, historically, this book needed to be reprinted, so that



young investigators today can read and see the experience of the early workers in the field of
neurosensory anatomy and morphology. The second section, Evaluation of Sensibility, introduced the
concept that examination of the hand must be done with instruments and techniques that are based upon
neurophysiology, standardized, and using normative data. This section introduced my Moving Two-Point
Discrimination Test, which has become adopted world-wide as a measure of large fiber regeneration
related to touch perception and innervation density. The pattern of sensory recovery described in this
section, which I described while still a Johns Hopkins medical school student, has been confirmed and the
concepts applied to neurosensory testing in the feet and the face. New equipment, such as the Pressure-
Specified Sensory Device (PSSD) has been developed by myself based upon the principles in this chapter,
and this device is now an accepted standard in evaluation of sensibility. The third section, Re-Education
of Sensation, proved to be the starting point for a widespread international movement of techniques I
developed, again while a medical student, and now used routinely for rehabilitation of the hand, and the
foot, after nerve injury and repair.

I remain immensely proud of my first book and am delighted to be able to present its content

afresh on the world wide web.

A Lee Dellon, MD, PhD
Professor of Plastic Surgery
Professor of Neurosurgery

Johns Hopkins University
2015
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FOREWORD
RAYMOND M. CURTIS, M.D.

This book more than fulfills its author’s purpose by providing a bridge that connects the Hand
Surgeon to Neuroscientist, each of these to the Hand Therapist, and all to the patient with an injured
peripheral nerve. The book is scholarly and authoritative, yet written in a way that easily translates the
complex material. The content is comprehensive, and arranged to be of maximal educational benefit.
Each statement is referenced, and the reference appears both at the end of the chapter and at the end of the
book in a separate bibliography, which will ease future recall.

To place this book in historical perspective we must realize that since Sterling Bunnell’s classic
monograph in 1944, the vast majority of subsequent texts have dealt with either specific surgical
techniques or anatomic studies related to the hand. The trend is toward published symposia or multi-
authored texts. Even the emphasis on rehabilitation has excluded the sensory aspects. Thus, Lee Del-
Ion’s contribution is unique, and we are indeed indebted to him for this tremendous undertaking. His
broad background in basic science and research, his search of the past for clues to the future, his more
than a decade of meticulous evaluation of patients with impaired peripheral sensibility have culminated in
this single-authored book. The book is reminiscent of Bunnell, not only in specific areas, for example, use
of comparative anatomy to discuss the evolution of the sensory end organ as Bunnell did for the upper
limb, but also in original contributions. Dr. Dellon demonstrated in primates the fate of sensory
corpuscles after denervation and following nerve repair. Dr. Dellon is responsible for urging that our
evaluation techniques for sensibility have a neurophysiologic basis. He demonstrated the pattern of
sensory recovery following nerve repair, initiated the use of vibratory stimuli administered by tuning
forks for peripheral nerve problems, added the terms “moving-touch” and “constant touch” to our
vocabulary, and conceived the moving two-point discrimination test. Equally important he developed and
refined sensory rehabilitation to be consistent with this evaluation scheme, incorporating specific sensory
exercises at the appropriate time in the recovery process. These exercises emphasize finger movement and
object recognition. This Sensory Re-education has produced unparalleled results.

Outstanding is the model of the sensory endings in the fingertip, which is found in Chapter 2. The
Section on Evaluation of Sensibility critically reviews the relevance of every previously described clinical
test. The separate existence of a vibratory sense is disproved. Finally, the author’s own evaluation scheme
is described in detail for each potential clinical setting. The Section on Reeducation of Sensation begins
with the most comprehensive review of end-results of nerve repairs, in which essentially every published

report is collated and reduced to a common reporting format. The historical and technical aspects of
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Sensory Re-education will be welcomed by a world in which this concept increasingly is being accepted,
and already producing improved results.

The volume clearly has been a labor of love of many years for Lee. He has recognized that
knowledge develops from the thousands who precede, and to these he shows his gratitude. We are under a
heavy debt to him. His volume takes its place as one of the outstanding contributions to medicine and
biology.

Baltimore 1980
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FOREWORD
ERIK MOBERG

Once the world knew only two centers of culture, one in Europe and the other in China. Only
distorted rumors connected the two, arriving over endless camel trails. Neither center influenced the
other. In order for Marco Polo to see in person these two different worlds and initiate communication, he
needed a young unbiased brain together with an ability for fearless traveling.

In important parts of basic neuroscience and clinical nerve work the situation has been similar.
On the one hand, neurophysiology is developing a micro-“electrology” capable of tracing even single
nerve impulses. In animal experiments computerized studies are revealing much of great interest. On the
other hand, the clinical observations of modern hand surgery have added a wealth of new knowledge
concerning hand function, impossible to obtain in the animal laboratory. Patients provide the examples to
distinguish the different qualities of sensory function and between afferents to the conscious and
unconscious level. This is the basis for all rehabilitation. Yet between these two fields the contacts are
almost missing. There is even a barrier in their terminology.

The young author of this book is the first one to connect these two antipodes, each so important to
the other. Dr. Dellon’s enormous enterprise, to travel through and scrutinize modern physiology and other
basic sciences and to summarize and combine these with modern hand surgery reminds one of the ancient
explorer.

Sterling Bunnell in his “Surgery of the Hand.,” in spite of the language barriers, reviewed almost
all of the important literature. Similarly, as should be the rule in scientific work, Dr. Dellon has included
important work from different times and languages. The references are not only mentioned, they are,
when necessary, translated, read, and digested. (It is a pleasure to find even the rarely quoted but
important work of Stopford from the 1920’s included.) And so the information in this book will no doubt
remain for a long time the source by which less penetrating authors will escape.

Sensory Rehabilitation, which has been neglected for so long a time from our follow-up work,
has now been elevated to an established position through the intense personal efforts of Dr. Dellon. A
thorough description of the when and how is given as a necessary guide for this critically needed therapy.

And so this book is unique in the flood of hand surgery literature of today. No doubt it will give
rise to conflicting opinions and controversy, which is the basis of all progress. After reviewing the
established facts, the author guides the reader to many remaining unsolved questions. This book will find
readers from many fields.

It has been a rare privilege to follow Dr. Dellon’s work from his early beginning to this
outstanding presentation.

Gotteborg 1980



PREFACE

The purpose of this book is to bridge the potential, if not actual, gap between those involved with
the neurosciences and those involved with the care of the peripheral nerve. The bridge is a personal one;
its construction begun 12 years ago, attempting to seek a firmer basis for understanding and, hopefully,
correcting problems encountered in the operating room and the surgical follow-up clinics. It’s a bridge
whose final span will continually be under construction.

Research into the mechanisms of sensibility, the neural process which transduces external stimuli,
has lagged enormously behind research into motor function. Yet, without sensation, the central, conscious
perception or appreciation of those peripherally generated neural impulses, the hand is virtually immobile.
Without sensation, visual control must be added to guide hand action. Since the mid-1960’s,
neurophysiologists and anatomists have brought microdissection, single-unit nerve recording, and
electron microscopy to bear upon the sensory component of the mixed nerve. These insights have
provided a more valid basis for understanding the sensory receptor population in the fingertip, for
evaluating sensibility following nerve injury and repair, and for rehabilitating the hand.

However, as the basic scientist and the clinician evolve into ever more highly specialized areas,
separation and loss of communication result in failure to utilize each other’s vital contributions. It is,
unfortunately, rare for either the clinician to read the basic science literature or the basic scientist to
examine a patient. Surely fruitful areas for further exploration would arise from the latter, and answers to
perplexing problems derive from the former.

It is hoped that the correlated view presented in this book will reach the medical student’s lecture
halls in microanatomy and classrooms in physical diagnosis. It is hoped that this bridge aids the
peripheral nerve surgeons (be they hand, orthopedic, plastic, or neurosurgeons) in evaluating the hand
with a nerve injury, in understanding the meaning of that evaluation, and in choosing and completing the
indicated therapy, sensory re-education. It is hoped that neuroscientists reading this book will take pride
in finding application of their “basic” contributions and be challenged to enter the clinical arena. Finally,
it is hoped that this book provides more than a bridge, rather, a bond between the surgeon and the hand
therapist, providing rational techniques to allow the patient to fulfill the maximum potential for sensory
recovery in the shortest possible time.

The origin of our present misconceptions of sensory receptor morphology and physiology is
explored in Chapter 1. These misconceptions are corrected in Chapter 2 with a contemporary model of the
glabrous skin and in Chapter 3 with a distillation and interpretation of contemporary neurophysiology.
The usually neglected sensory end organs are focused upon in Chapter 4, after denervation and in Chapter
5 after reinnervation. Evolution of my technique for evaluating sensibility comprises Chapters 6 through

9, which present a historical review of sensory testing, critically review alternative approaches to sensory



testing, and culminate in Chapter 10, my personal approach to evaluating sensibility. Chapter 11 reviews
the end result of nerve repair since 1940 and provides the data base for an historic control. The
development, technique, and results of sensory re-education conclude the book in Chapter 12.

The text is designed for maximum educational benefit. Each Chapter has its own bibliography
arranged numerically as the reference arises in the text. A combined bibliography, arranged
alphabetically, precedes the index. The index is comprehensive, including both subjects and authors cited
in the text. The referenced works have each been read, unless the reference is specifically attributed to
another author’s citation or quote. This required, in many cases, language translation. At the conclusion of
most chapters is a section on clinical implications, transferring theory into practice. Where appropriate,
new avenues for research are suggested. Where the work referred to is my own, the text is written in the
first person. Some of this material, as noted in the bibliography, is “hot-off-the-press” and as such is not
yet available in the published “scientific literature.” In these instances, sufficient data has been included
to justify the conclusions. Thus, this text represents a highly personal approach to its subject material. It
is, however, an approach which I believe incorporates the basic science and clinical knowledge of today

into a unified philosophy and application.
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Chapter 1
CLASSICS

INTRODUCTION
ANATOMY
PHYSIOLOGY

At the outset do not be worried about this big question—Truth. It is a very simple matter if each
one of you starts with the desire to get as much as possible. No human being is constituted to know the
truth, the whole truth, and nothing but the truth and even the best of me must be content with fragments,
with partial glimpses, never the full fruition...what is the student but a lover courting a fickle mistress
who ever eludes his grasp? ...The hardest conviction to get into the mind of a beginner is that the
education upon which he is engaged is not a college course, not a medical course, but a life course.

Sir William Osler'

The student, new to his chosen field of endeavor, eagerly reads and memorizes the introductory
material. It is in a textbook. It is taught by a Professor. It is marked right or wrong on an exam. The
student assumes that what he is learning is true. Yes, the student should constantly question. But when the
field of study is anatomy or physiology, human or comparative, or all of these, the totality of material to
master is so huge there is no time to question its truth. There is not even time to master it all! The student
usually is working to his capacity just to survive! During the late 19" century and early 20™ century, a few
professors of great reputation dominated scientific thinking in these areas. Many of their teachings have
been handed down to us, not only unchanged but unchallenged.

An example of material transmitted to us in this matter is the following scheme of the modalities
of cutaneous sensation and their corresponding receptor systems”.

Touch and pressure Free nerve endings, particularly those
in relation to hairs, Meissner’s
corpuscles and Pacinian corpuscles

Warmth End organs of Ruffini
Cold Krause’s end bulbs or corpuscles
Pain Free nerve endings

The modalities of deep sensation and their corresponding receptor systems are:
Pressure Pacinian corpuscles
Pain Free nerve endings
Proprioception Free nerve endings, Pacinian

corpuscles, muscle spindles and Golgi
end organs
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I began studying anatomy and physiology in 1966. This scheme is from a textbook published in
1978.(2) With the exception of pain being subserved by the free nerve endings, this scheme is entirely
wrong! The associations are wrong and the Merkel disc is omitted. It is the purpose of this chapter to
explain the evolution of this scheme.

ANATOMY

The misconceptions began with the anatomy of cutaneous sensibility. Anatomy in the 19" century
was a descriptive science. In 1836, Pacini redescribed the corpuscle Vater had described in 1741.% This
corpuscle was the first to be discovered because it was the largest, being visible by gross dissection and
without magnification. In 1853, Wagner, using a hand lens and maceration technique, described the
corpuscle which Meissner, 1 year later, described in more detail.* As microscopes became available,
gross anatomic description gave way to histology. There followed an outpouring of descriptive material
on sensory endings, in many tissues and in many species. This investigative work was not standardized.
Every new method of tissue preparation (dilute acid, dilute alkali), and every new histochemical stain
brought new descriptions.

At the turn of the century the following techniques were in use: Merkel’s osmic acid, Golgi’s
silver chromate, Ehrlich’s methylene blue, Ranvier’s gold chloride, Cajal’s silver nitrate, and
Bielschowsky’s ammonical silver.” But what was truth? And what was artifact? The height of this sensory
ending proliferation was reached in Botezat’s classification of 1912. He listed 36 separate endings in
glabrous (nonhairy) skin in addition to those in the hairy skin (Table 1.1).°

For me, “the way out” of this seemingly hopeless maze was provided by Winkelmann.® Utilizing
meticulous silver staining technique, he restudied the hairy and glabrous skin of many mammals. His
histology was documented photographically. His book summarized a decade of this work and reviewed
thoroughly the previous literature (404 references). In brief, the only sensory end organs he confirmed in
glabrous skin were the Pacinian corpuscle, the Meissner corpuscle and the Merkel cell-neurite complex.
These end organs, their innervation pattern, and relationship to the organization of the skin, are illustrated
in Chapter 2.

What about the Krause end bulb (for cold) and the Ruffini end organ (for heat)? These holdovers
from antiquity cannot be confirmed in glabrous skin with the modern techniques.

As reviewed by Winkelmann,® Krause’s end bulb has gone by several other names: genital
corpuscle (as Kraus described it in the glans penis), endkopseln (as Krause described it in the elephant!),
Dogiel’s body, and the mucocutaneous end organ. Krause’s end bulbs don’t occur in normal glabrous
skin. The mucocutaneous end organ is the configuration imposed upon the axons by the physical confines
of transitional skin. Thus in areas without hair follicles or ret ridges, the mucocutaneous end organ may

be found. The Ruffini Body, as reviewed by Winkelmann,” does not occur in glabrous skin. Most of what
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Ruffini described as the most common receptors in the skin were rolled nerve trunks, i.e., artifacts. The
criteria for end organ existence, outlined by Winkelmann,’ are: (1) repetitive observation of the structure,
and (2) continuity between known nerve structure and end organ. These criteria can be fulfilled by
studying serial thick sections of tissue gently handled and carefully stained. My own work has confirmed
these tenets.” Except for Krause and Ruffini, no one has seen their end organs in glabrous skin, and it is
time that modern teaching and writing reflected this.
PHYSIOLOGY

As the magnifying glass and gross anatomy were the forerunners of electron microscopy and
molecular biology, so may the comparative sensory studies and physiology be considered the forerunners
of single unit nerve neurophysiology. Johannes Muller is often cited for “the law of specific nerve
energies,” 1828, which stated that “for each sensation there is a specific receptor, a specific nerve
pathway, and a specific central locus of appreciation.” In the context of cutaneous sensibility, this
sounds quite “specific,” yet our review of the writings of Muller suggests a more general concept. In his
book, he did propose a theory of specific energy but for senses such as sight, hearing, pressure, friction,
galvanism and sensation. He did not discuss cutaneous sensory submodalities.®

Direct experiments followed. In 1882, Magnus Blix,” investigating the sensory submodalities of
heat, cold, and touch, described sensory spots on the skin. In view of the proliferation of sensory end
organs being described during the last quarter of the 19™ century, it was only a matter of time until the
structure/function correlation began.

The correlations still being taught to our generation were formulated in detail in 1896 by Max von
Frey'” (Fig. 1.1). He was a careful observer and his investigation and writings continued into the first
quarter of the 20™ century. But his correlations were the product of arm chair theorizing.

von Frey did punctate stimulation of the skin. For example, his 1894 publication'' “concerned the
threshold and conditions of threshold in mechanical stimulation”! He found that pressure points
(“Druckpunkte”) have different thresholds in different parts of the body. He found a continuum between
pressure points and pain points (“Schmerzpunkte”), and described punctate sensibility as a mosaic. To
von Frey, touch meant pressure and he never spoke of touch as being movement, only as pressure. In
studying the hairy skin, he observed that there was a place where the angle of the hair is acute to the skin,
and here pressure is felt when the hair is touched. He thus preceded Pinkus by 7 years in describing the
“Haarscheibe”! He concluded his theorizing in this paper by saying that “where there is no hair, one
might think of the Meissner corpuscle as the organ of pressure sense.” He believed that free nerve endings
were for pain.

von Frey’s deductions were made on the basis of comparing “known: receptor morphology with

observed sensory capacity plus intuition. For example, he knew the cornea could perceive pain, but not
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cold or pressure, and that the cornea contained free nerve endings. Thus, free nerve endings subserved
pain! He knew the conjunctiva had Krause’s end bulbs and could perceive cold. Thus Krause’s end bulbs
subserved cold. He extrapolated from this to the hypothesis that the cold spots in the finger
(“Kaltpunkte”) contained Krause’s end bulbs. Without such clear reasoning, he assigned the Rufini body
to the warm spot (“Warmpunkte”). Up to this point he did not mention the Pacinian corpuscle or the
Merkel disc.

Table 1.1
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Table 1.7 ==Corteue

In what truly amounted to a monograph,'’ von Frey detailed his investigational techniques, tools
(Fig. 1.2), results, and theories. It is in this paper that we see the development of his “sensory hairs” (Fig.
1.3). They followed as a more ready means of testing pressure (touch to him) than his complex graphing
apparatus (Fig. 1.4). von Frey discussed in more detail his assignment of pressure more in receptor (by
which he meant touch/pressure) to the Meissner corpuscle. He wrote that the Vater corpuscles (he never
called it the Pacinian corpuscle) were too few and too deep to be a cutaneous pressure receptors, whereas
the Meissner corpuscles were numerous and superficial. He emphasized again that the Meissner corpuscle
was the hair follicle of the glabrous skin. With regard to the Merkel discs, von Frey wrote that “the
proposition that Merkel’s discs in humans are found in skin where there are not Meisners, speaks against
their function as ‘sensory’ organs, because the sensory function here is always covered by hair.”

To study cutaneous pressure thresholds, von Frey developed a graded series of sensory hairs.
These were 40 to 100 um. in diameter and made from human straight hair. When these hairs were bent
upon application, the force required was taken as the threshold. von Frey recommended a series of hairs,
first a child’s, the a woman’s, the a man’s, and finally a horse hair. Pig’s bristle was too strong, he found,
and caused the sensation of pain. In time von Frey came to call the thickest sensory hairs “pain hairs.” He
sent a set of these to Henry Head for use in Head’s classic studies."> An example of von Frey’s use of his
sensory hairs to map sensory spots is shown in Figure 1.5. Later, von Frey was to attach his sensory hairs

to a tuning fork, electromagnetically driven, to evaluate punctate vibratory sensibility."*
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paper in which he correlates sensory perception testing pain.(10)

with sensory end organs.(10)
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Figure 1.3. von Frey’s sensory hairs.'’ These were made by fixing a hair to a candlestick. The cutaneous
pressure threshold was the force required to bend the thinnest hair that produced a perception.

The next approach of physiologists foreshadowed the psychophysical studies of today. Head,"
Trotter and Davies,'® and Boring,'” each reported elective division of one of their own cutaneous nerves.
They then carefully recorded the observations on their own loss and sensory recovery. The most notable
controversy to come from this approach was Head’s concept of protopathic and epicritic sensation. In
essence, he viewed these as representing two physiologically distinct sets of nerve fibers, receptors, and
central mechanisms. The first dealt with early returning, unpleasant sensations and the second, with later
returning, discriminative functions. Head did not attempt detailed structure/function correlations. His
theory, however, conflicted with von Frey’s and a spirited debate in the “letters to the editors” columns
enlivened the journals of that day.'®

Two diverse trends now entered the picture: Neurohistology, as evidenced by the Woorland-
Weddel school, and Neurophysiology, as evidenced by the Adrian school. Woolard, and later his pupil,
Weddel, correlated sensory and histologic findings, primarily by using methylene blue staining
techniques. By employing thick sensations and photographic documentation, they were able to record the
histologic findings in a way the rest of the world could also examine. They found that a touch spot
actually contained many overlapping fibers, that the measure of discriminating two points was related to
the extent of this overlap, that pains sensibility was related to free nerve endings'’ and that “a stimulus at
the periphery is presented to the spinal cord as a complex spatial and temporal pattern of impulses.”*
Ultimately, they were to reject the concept of punctate sensibility in favor of a more Unitarian hypothesis.
They proposed two categories of endings. In hairy skin, these were the dermal nerve network and hair
follicles. In glabrous skin, these were the dermal nerve networks and the nonspecific encapsulated end

organs.”’
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Figure 1.4. von Frey’s diagram of his pressure recording apparatus.'
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Figure 1.5. Example of the sensory maps of von Frey.'® This map, of the volar wrist skin, demonstrated the
punctate pattern of the pressure spots.

Other reviewers of the field at that time arrived at different conclusions, however. In particular,
Walsche™ concluded that each sensory submodality was served by a fiber/receptor system that was
complete from periphery to the central nervous system. Walsche based his reasoning on the pioneering
electrophysiological recording of Lord Adrian in the Physiological Laboratory, Cambridge, England.

Adrian® developed a technique for “single unit” fiber recording while stimulating the fiber’s
peripheral receptor field. He began with a nerve-muscle model in the frog, progressed to a Pacinian
corpuscle-cat mesentery model, and then settled on the Pacinian corpuscles in the plantar aspect of the
hind second toe of the cat. In this final model, Adrian recorded from the internal plantar nerve.” In his
1926 paper, he wrote: “The end organs sensitive to pressure are not known with certainty, but they are
generally supposed to be the touch corpuscles in the skin and the Pacinian and other types.” Adrian
applied pressure by a glass rod to the footpad by increasing the weight from 5 to 100gm upon the pad.
Continuous nerve impulses were recorded which adapted slowly to the stimulus intensity. In 1929, a
report of further studies with this model** indicated that “pressure gives an immediate discharge of
impulses from the (Pacinian corpuscle).” This work is the basis for the correlation “pressure-Pacinian
corpuscle” which appeared in texts for the next half century.

The neurophysiology of the Pacinian corpuscle was re-examined with a more sophisticated

26.27 and Lowenstein and

electrophysical technique by Lowenstein and Rothkamp, > Lowenstein,
Mendelson®® at Columbia during the late 1950’s and early 1960’s. Lowenstein used the cat mesentery

model and stimulated the corpuscle directly by “compressing it with fine rods and piezo-electric crystals.”
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Although he clearly wrote “in a rapidly adapting receptor, such as the Pacinian corpuscle ...,” the fact that
his stimulus was one of pressure, that he did not suggest a clinical correlation in terms of sensation for the
corpuscle, and that he emphasized generator potentials rather than conducted action potentials, I believe
combined to perpetuate the pressure-Pacinian myth.

How can we understand the conflict between Adrian’s slowly adapting Pacinian and
Lowenstein’s rapidly adapting one? In reply to my question, Michael Merzenich, who trained with
Vernon B. Mountcastle at Johns Hopkins and is now in the Department of Physiology, School of
Medicine, University of California, San Francisco, wrote:”

(Adrian) “erroneously described Pacinian corpuscle as pressure receptors, on the basis of what
they regarded as direct evidence derived from isolated corpuscles. Vibrations introduced inadvertently
with their stimulation led to continuous responses in isolated corpuscles; they then believed the receptor
responded to continuous pressure, when in fact they were responding to their accidental continuous
stimulation. This fact is hard to believe until you see a Pacinian corpuscle in operation! Then you believe
how such a mistake could be made. Surprisingly (this) mistake was repeated shortly thereafter by
Gammon and Bronk.”*’

As Winkelmann’s work with morphology had led me out of the sensory receptor swamp, so too
did the work of Mountcastle with neurophysiology lead me out of the sensory fiber swamp. Mountcastle
had tabulated (see Table 1.2) the relationship of mechanoreceptor properties, as defined by single-unit
recordings in monkey hands, with human perceptions. He correlated Merkel discs with slowly-adapting
fibers, Meissner corpuscles with superficial, low-frequency vibration (flutter), and Pacinian corpuscles
with deep, high-frequency vibration. The language of that table is pure neurophysiology and not intended
for clinical application. The concept of the chart, relating sensation of a fiber/receptor system based on the
fiber’s property of adaption, is the foundation of my approach to evaluating sensibility (see Chapter 10).
(The specific neurophysiologic aspects of adaption are described in Chapter 3.) However, Mountcastle
still included proprioception as being related primarily to joint receptor (see discussion in Chapter 9).
Although Mountcastle’s table (Table 1.2) did not contain reference to dermal Krause’s end bulbs and
Ruffini endings, these endings are still included in his drawing of the skin and on a table on sensory
ending.*® For the first time, though, free nerve endings are correlated with reception of temperature,*® and
no sensory submodality is attributed to the supposed dermal endings of Krause and Ruffini.

My own work attempted to base the evaluation of sensibility on a firm, neurophysiologic basis.
In1968, I began the use of 30 and 256 cps tuning fork testing to evaluate the low and high frequency,
quickly-adapting fiber group. Movement detection was attributed to these fibers, although a vibratory
stimulus was used to test them and the perception they mediated was termed moving-touch. Direct

pressure of the examiner’s fingertip, or the classic Weber two-point discrimination test was used to
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evaluate the slowly-adapting fiber group. Constant-touch and pressure were attributed to these fibers and
their receptor presumed to be the Merkel disc. It was emphasized that the Pacinian corpuscle was not a
pressure receptor.”* Although there was no direct evidence to assign the Meissner’s corpuscle and Merkel
disc to these fiber groups, I felt, as Mountcastle®' had, that by morphologic analogy these were the best
assignments. This approach broke the touch-pressure categorization of all touch submodalities into
moving and constant-touch, with moving-touch being further subdivided based on the turning curves of

the quickly-adapting fibers.*

Table 1.2

First-Order Alferents Feeding Lemniacal Syatem Via Dorsal Columns®

Typa

M o hane3UeDin Siiterraoddy

Hairy skin Cuickly-adapting hibars sansshive 1o hair Touch-pressure  (and
movamant (movameni deteciors) Hutter)
Showly-adapling hibars iInnardahng touch Touch-prassune
pads (lggol
Elabrowus skin Cukckly-adapting libars innarvabing dar- Touch-prassurg  (and
mal redges (protabdy Mewssmar § Cor- Hudter)
pusscles) (movament datectors)
Slowly-adapting fibars innervating danmial Touch-prassung
ridgas (probably Markol § discs)
armis and Fibars anding bn Pacinian conpusclas (e Wil alady SansibilEly

daap HEsues

tectors of high frequency Iransienis)
Showly-adapting fibers ending in fascia
and pariosteium (Rutfini=lika)
Fibers anding in joint capsulés and joint
igaments (Rulfmd-lika)

Touch-pressyung

Fosition-sense  kines-
inesia

* Adapted from V. B. Mountcastle and I. Darian-Smith®'

This approach, and these correlations, were presented to the Johns Hopkins Medical Society on
February 3, 1969. The tests were conducted on a series of patients in whom the pattern of sensory
recovery following nerve injury had been mapped. On July 20, 1969, the manuscript was rejected by the
Johns Hopkins Medical Journal with the comment: “There are no data which might support the opinion of
the authors and there for no real contribution is made in terms of proving or disproving any concepts.”°

Whenever possible, thereafter, I took the opportunity to point out the correlation between
Meissner’s, Pacinian’s and Merkel discs, fiber adaption properties, and the sensory submodalities

attributed to them’”*

(see table 1.3). It is gratifying, therefore, to note that in the most recent tabulation of
“sensibility and receptor organs” to appear in clinical text, George Omer has correctly correlated pressure
perception with Merkel disc, vibration with the Pacinian corpuscle, and temperature perception with free

: 4
nerve endings.®
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Tabla 1.3

Correlation betwean Merkel, Meissnaer's,
and Pacinian Endings, Fiber Adaptation
Properties, and Sensory Submodalities™
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See expansion of this schema in Table 3.4 and 10.1

A recent trend is worth noting. At the beginning of the 20th century, increasing numbers of

neurohistologists described increasing numbers of sensory receptors. Today we believe that there are
three that can be demonstrated reproducibly. Today, near the beginning of the 21st century, increasing
neuroscientists are describing increasing neurophysiologic classes (if not numbers) of nerve fiber
populations. One recent categorization is based on Mountcastle’s properties of adaption, but subdivides
the quickly-adapting fibers into two major groups (SA I and SA II).* The current leader in “hair splitting
is the classification of cutaneous mechanoreceptors into 11 groups.* While this last report provides a

useful algorithm for the neurophysiologist in the experimental setting, I believe that my approach, based

upon Mountcastle’s work, still provides the basis of a meaningful clinical examination, and the best

current synthesis from antiquity and artifact.
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Chapter 2
CLASSICS
NEW MORPHOLOGY

INTRODUCTION

EVOLUTION OF CORPUSCLES

VATER-PACINIAN CORPUSCLE

MESSNER CORPUSCLE

MERKEL “CORPUSCLE”

MODEL OF THE DISTAL GLABROUS SKIN

While it is as yet uncertain whether the sensitive fibers end externally in loopes or in absolutely
free ends, it is generally held that a vast number are externally related in some way to the little bodies
know as the corpusles of Meissner, of Vater or Pacini ... the structure of these corpuscles does not differ
so essentially as to induce the belief that they must have different philological functions, were it not for
their varying anatomical relations to tissues.

S. Weir Mitchell, 1872

1t seems likely that further human experiments, in which attention is particularly directed to the
end-organs, may extend our knowledge of sensation considerably, and shed light upon the problems
related to the receptors themselves.

J. S. B. Stopford, 1930°

INTRODUCTION

The purpose of this chapter is to presents of glabrous skin in their primate environment. This is
done in a medical illustration that encompasses the most contemporary light and electron microscopic
observations on the nature of these sensory “corpuscles,” their relationship to the dermal nerves, and the
basic organization of the cutis.

Aware in 1978 that all extant text illustrations of the glabrous skin were deficient in some critical
aspect, and aware that the monograph I was planning must contain the most accurate and detailed
illustrations of the apparatus of peripheral sensibility. I approached Ranice W. Crosby. She is the Director
of the Department of Art as Applied to Medicine and Associate Professor at the Johns Hopkins-School of
Medicine. I proposed a thesis project for one of her students that would culminate in the production of a

three-dimensional model of the glabrous skin, a synthesis of current histological and neurophysiological
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thought. Mark Lefkowitz accepted this challenge and prepared the color plates in this chapter from the
model that was prepared as his Master’s thesis in 1979.7 The original model, itself, has been doated to the
Raymond M. Curtis Hand Center at the Union Memorial Hospital in Baltimore, Maryland, and has been
displayed there since August 2, 1980.

It is consistent with the theme of this monograph that as recently as 1967 a review on the
“comparative anatomy and physiology of the skin” excluded the area of mechanoreceptors in glabrous
skin.* However, within a decade, reviews of light and electron microscopy of these previously ignored
sensory receptors had appeared.® Accordingly, only sufficient reference will be included in the following
text to support the inclusion or exclusion of material encompassed in the medical illustrations.

The sensory end organs do not stand alone! Our understanding of their supporting structure
comes primarily from the work of Cauna,” who worked with silver unpregnation techniques and later
Weddel,'* with methylene blue vital dyes. The patter that emerges consistently is of subcutaneous digital
nerves branching beneath the glabrous skin, rising to form a subdermal plexus of fascicule, and branching
again to form the subpapillary plexus or nerve network. These networks contain both myelinated and non-
myelinated nerves. From the subpapillary plexus, myelinated (group A, beta) fibers emerge to innervate
specific sensory end organs. The Pacinian corpuscle is innervated at the subdermal level. The Meissner
corpuscle and Merkel “corpuscle” are in specific relationship to the dermal-epidermal junction. Beneath
the papillary ridge, or fingerprint, is an elongated epidermal peg, the intermediate ridge. This is bordered
by a dermal papillae on each side, each of which, in turn, is bordered by a shorter epidermal peg, the
limiting ridge. Within a dermal papilla, between a limiting ridge and a intermediate ridge, is a Meissner
corpuscle. At intervals along the longitudinal length or undersurface of the intermediate ridge, a sweat
duct pierces the basal layer of germinal epidermis. At these junctures along the intermediate ridge lie the
Merkel cell-neurite complex, the so-called Merkel corpuscle. The limiting ridges, bound down to the
periosteum by collagen bundles, thus describe a mechanical transducer that transmits a touch stimuli
efficiently to the sensory end organs. Along the length of the papillary ridge, these functional units are
separated by septae which effectively divide the glabrous skin into small segments, each of which is
maximally innervated by a single myelinated nerve for each type of sensory end organ within that
segment. Yet overlap of nerve fibers below the septae provide the mechanism for the partially shifted
peripheral receptive fields that permit tactile gnosis (see Chapter 3 and Figs 2.2 and 2.3).

I believe that Miller et al.'' are correct in concluding that peripheral cutaneous sensory receptors
can be divided into three groups: free nerve endings with unexpanded tips, endings with expanded tips,
like the Merkel cell-neurite complex, and encapsulated endings, like the Pacinian and Meissner corpuscle.
In glabrous skin, extensive modern staining of primate material has failed to demonstrate Krause’s end

bulbs or Ruffini endings.'> "’ The end bulbs seen by Krause in mucous membranes have been



NEW MORPHOLOGY 19

confirmed,'? and these, probably with Winkelman’s mucocutaneous end organ, represent an attempt by
quickly-adapting fibers to form end organs in skin which is devoid of hair follicles or dermal papillae.
That is, the mucocutaneous end organ is the transitional ending of the quickly-adapting fiber between
Meissner corpuscles in glabrous skin and the innervated hair follicle in hairy skin. As the Merkel cell-
neurite complex represent the expanded tip ending in glabrous skin, so the Ruffini spray endings represent
the end organ of the slowly-adapting fibers in nonglabrous skin. These Ruffini soray endings have been
observed on hair follicles in hairy skin'* and primate hairy facial skin."> This scheme is carried out in
tissues other than skin, too. In joints, for example, the slowly-adappting fibers are represented by Ruffini
spray endings (expanded bulb endings), and the quickly-adapting fibers are represented by Pacinian
corpuscles (encapsulated endings)'® (See Table 2.1).

Evolution of Corpuscles

In the evolution of the species homo sapiens, the development of the cerebral cortex is a
dominant feature. A significant portion of the cerebral cortex is the parietal lobe, which contains a broad
area, critical to sensation. It would appear logical that the peripheral mechanisms of cutaneous sensibility
that are the input to this central computing area also should be highly evolved. I am unaware of any
treatise on the evolution of the cutaneous sensory end organs, but I believe insight can be gained from
correlating previous comparative anatomy reports, the previous comparative anatomy reports, the
classification of the animal kingdom, geologic time, and observations on patients following nerve repair.

In Table 2.2, a greatly shortened classification of the animal kingdom is correlated with geologic
time periods for a few critical animal species, using standard reference works.'”'"® The geologic periods
are listed in Table 2.3 for chronologic comparison.'’

The earliest peripheral cutaneous sensory mechanisms were simple nerve networks as in the
invertebrates. These evolved into nerve networks plus free nerve endings in the earliest vertebrates.”
Such early vertebrates, like the lamprey eel, developed in the Jurassic Period, about 150 million years
ago. The Cretaceous Period was at the end of the Mesozoic Era, and was the time of the dying out of the
great retiles, and the origin og the smaller mammals and birds. Deciduous trees and grass were
developing, and in this setting ducks and geese, opossum and moles appeared. For these animals, a
sensitive nose was essential. In the case of the birds, the forelimbs were wings, and their hard beak, for
example, had to serve to detect seeds or larvae in marshland. The beak developed, therefore, as an organ
of touch.”' In the mole, the limbs were digging tools, the eyes were blind, and so, again, the snout
developed into a touch organ.

As the need for tactile discrimination was added to the need for simple protective sensibility,

12, 20-25

peripheral sensory structures differentiated. The best studied birds are ducks and geese, and they
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have two well-defined sensory end organs in their bills. The Herbst (1848) corpuscle is a Pacinian-like
corpuscle, and the Grandry (1869) corpuscle is a Merkel cell-neurite-like corpuscle. The contrasts and

similarities are best described by Munger,** >

and these represent in evolutionary terms the development
of a specific encapsulated end organ for the quickly-adapting fibers (Herbst) and an expanded tip ending
associated with an epithelial cell for the slowly-adapting fibers (Grandry). An end organ analogous to the
Meissner corpuscle is not present in these species. Among mammals from this Cretaceous Period, the
mole, and especially the opossum, have been studied. The mole’s snout has a sensory apparatus described
by Eimer (1871) and elaborated upon by Boecke'? and Munger.” This organ of Eimer has small
encapsulated nerve terminals at its base as well as expanded nerve endings in relation to epithelial celss at
its base. The opossum snout has both Pacinian corpuscles and Merkel cell-neurite complexes.” Thus, the
mammals of this period that were requiring increasingly finer tactile discrimination also developed

sensory receptors along the pattern described for the bird’s bill. But no sensory end organ analogous to

the Meissner corpuscle has been observed in the mammals that developed more than 70 million years ago.

Table 2.1
General Pattern of Herve Endings
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As evolution implies transition, I believe we should not be surprised to find a transitional form of
sensory corpuscle develop prior to the Meissner corpuscle. The transitional corpuscle has been named
variously over the last century. It is Krause’s end bulb, Krause’s genital corpuscle, Winklemann’s
mammalian end organ or mucocutaneous end organ, etc.'? In essence, in response to a need for finer
discrimination of moving stimuli, small corpuscles composed of a few lamellar cells around a nerve
terminal developed in the deep to superficial dermis, such as have been noted in the opossum, beneath the
hairless snout skin,”’ and in many mammalian species in the glans penis and clitoris,'? and by Krause in
the conjunctiva and lip.'> The opossum, although evolving in the Cretaceous Period, did not evolve until
the Eocene Period or later in many parts of the world, and thus represents a good species for this

transitional end organ.*® The raccoon, developing more recently in the Eocene, was first noted to have
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these small encapsulated corpuscles by Zollmann and Winkelmann® in 1962. Munger and Pubols®’
documented these simple corpuscles extensively and demonstrated them to be quickly-adapting receptors.
The raccoon has five flexible toes on each foot, no clavicles, and generally diminished vision and
hearing.”® They are excellent tree climbers and are extremely dextrous with their forepaws. The simple

corpuscles in the raccon lie just at the base of the dermal papillae adjacent to the Merkel-Rete papillae.

Table 2.2
Animal Kingdom
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The Meissner corpuscle represents, I believe, the most recent sensory corpuscle to evolve. The
earliest species in which I am aware that a Meissner corpuscle has been described is the mouse.*® In the
mouse, small lamellated corpuscle, some with multiple innervations, are located within the dermal
papillae. Meissner corpuscles, to be described in greater detail below, have been identified in every
primate studied.'?

Thus, in the most recently evolved mammals, the primates, there are three sensory end organs that
serve as the mechanoreceptors to the transducer touch stimuli. The organizations of these receptors with
respect to the skin and their nerve fibers is the subject of the rest of this chapter. But, for emphasis here
with respect to evolution, I believe the Meissner fiber/receptor system not only provides the basis for the
highest degree of tactile discrimination, tactile gnosis, but also provides a high degree of “overkill.” By
overkill, I mean a high ratio of nerve fibers to receptor. The degree of peripheral receptive field overlap

possible in this fiber/receptor system has great survival value. Following a nerve repair when a significant
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number of axons fail to regenerate to the fingertip, the Pacinian system with few fiber to start and a 1:1
fiber to receptor ratio has a small chance to recover, while the Merkel cell-neurite system, with more fiber
to start with but with less than a 1:1 fiber to receptor ratio, has the least chance to recover. The Meissner
system, with the greatest number of fibers to start with and a greater than 1:1 fiber to receptor ratio, has
the best chance to reinnervate the necessary peripheral innervations density to permit recovery of
functional sensation (see Fig 7.5). Recognition of the Meissner corpuscle as the most recent corpuscle to
evolve gives further emphasis to the use of the moving two-point discrimination test (Chapter 8) to

evaluate sensibility and the object recognition tasks involved in sensory re-education (Chapter 12).

Table 2.3
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Vater-Pacinian Corpuscle

The facts regarding the historical priority for naming this end organ are best outlined by Lee.”!
Vater was the first to describe the presence of this structure, which he termed “papillae nervae.” Almost a
century later, Pacini redescribed these structures, adding the description of the concentric lamellae
separated by fluid. He believed these were part of the lymphatic system. In 1844, Henle and Kolliker were
the first to relate the corpuscle to nerve fiber, thereby describing the first nerve ending.

The entire subject of the Pacinian corpuscle is reviewed by Winkelmann'? (but is inaccurate
regarding its role as a pressure detector, see Chapter 3). Cauna and Mannan® have reported its
embryologic development, and ultrastrucural reports are numerous.”

To be emphasized here is that the Pacinian corpuscle is a deep dermal and subcutaneous sensory
receptor, 1 to 4 mm long and 0.5 to 1 mm wide, innervated by a single myelinated nerve. Estimates of the
number of corpuscles present vary from 200 per thumb, 600 per hand, 120 p34 centimeter of a volar pulp.

The corpuscle develops between the 3™ and 5™ months of fetal life, which is earlier than Meissner

corpuscle. The axon enters the corpuscle, loses its myelin sheath, and enters the inner core. The inner core
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contains a granular material that stains for nonspecific cholinesterase. The axon terminal tip contains
numerous mitochondria. The axon is surrounded by 49 to 60 concentric lamellae. The inner few lamellae
are split by a fissure, while the outer lamellar cells are contiguous with the epineurium of the nerve fiber.

The Pacinian corpuscle may be found in clusters, but in such cases each is usually innervated by
its own nerve fiber. The Pacinian corpuscle may be occasionally bilobed, and in such a situation, a cross-
section would give a picture similar to the so-called Golgi-Mazzoni body. (1878)'* The arteriovenous
glomerular apparatus is found often near a Pacinian corpuscle.

In this book, light microscopy of the Pacinian corpuscle is illustrated with the Masson trichrome

stain (Fig. 5.19), hematoxylin and eosin (Fig 12.25), and with silver stain (Fig. 5.19).

MEISSNER CORPUSCLE
The Meissner corpuscle was described originally in a paper co-authored by Wagner and Meissner
in 1852, with the description of the corpuscle further elaborated by Meissner in two subsequent papers in
1852 and 1856.% This corpuscle has been identified repeatedly by many current investigators, and

36,37

descriptions are available in excellent light microscopic studies by Cauna with frozen section and

138

silver staining techniques, by Weddell’® with methylene blue, by Ridley® in human normal and

pathologic states, and ultrastructural studies.***

Under light microscopy, the Meissner corpuscle appears as an encapsulated, oval end organ
within the dermal papilla. There may be bilobed corpuscles, but most commonly a single lobed corpuscle
is present. The lobulations may be two to four, each appearing full and plump. Within each lobulation,
there appears to be a stacked series of flattened discs which, in fact, represent the lamellar cells. The
nuclei which appear usually at the endge or side of the “capsule” are lamellar cell nuclei. With Masson
trichrome stain, the pink-staining tissue within the corpuscle is axoplasm and the blue-staining fibers are
the connective tissue that comprises structureal framework for the lobular architecture.*® With silver and
methylene blue techniques, each corpuscle is demonstrated to have multiple innervations, ranging from
two to nine separate nerve fibers. Two to three fibers enter at the base of the corpuscle, other rising in the
dermal papilla to enter the corpuscle from its sides or top. The fibers lose their myelin sheath as they enter
the corpuscle, and the lamellar cells may represent either perineurial (Schwann) cells or modified
epithelial cells, or both.

The Meissner corpuscles are related to the papillary ridge and more specifically to the
intermediary ridge. They vary in frequency from one every other or every third ridge at the digital pulp, to
a frequency of every fifth or sixth in the palm. Ruimentary Meissner-like corpuscles are located in the
distal dorsal (still glabrous) finger skin. Meissner corpuscles arise about the 7™ month of fetal life and

diminish in frequency with advanced age.’®
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Within the Meissner corpuscle, the terminal nerve filaments end as either multiple fine
enlargements, bulbs, or loops, or as fine networks by light microscopy. By electron microscopy, each
terminal nerve filament contains numerous mitochondina and is ensheathed by a lamellar cell process. No
desmosomes have been noted. Between lamellar cell process is a fine, interlamellar ground substance.
There is no true capsule and this interlamellar substance is in communication or is contiguous with the
extracellular space of the dermal papilla.

The multiple fiber innervations of the Meissner corpuscle allows for overlap of the peripheral
receptive fields of individual fibers in a manner not possible with the Pacinian corpuscle or the Merkel
cell-neurite complex.

The innervated hair follicle of hairy skin is most certainly the morphologic and neurophysiologic
analog of the Meissner corpuscle in glabrous skin.

In this book Meissner corpuscles are illustrated in trichrome (Figs, 4.3 and 5.3), silver (Figs 4.4,
5.4,5.16,5.17, and 12.25), and nonspecific cholinesterase (Fig 4.2) stains from light microscopy and
from electron micrographs (Figs. 4.5, 5.5, 5.6, and 10.5).

MERKEL CORPUSCLE

In 1875, Merkel* wrote a very thorough paper, in which he described Tastzekken (touch cells)
and Tastkorperchen (touch corpuscles) in geese, ducks, pigs, cows, sheep, and man. That Merkel was
thorough is evident, not only from his exhaustive comparative anatomy studies, but also from his referral
to the Pacinian corpuscle as the Vater corpuscle, and to the Meissner corpuscle as the Wagner corpuscle.*
Merkel described nerve terminals ending in relationship to clear cells in the basal layer of epidermis of
rete pegs in human fingertips. He called the clear cells “touch cells” and the combination of epithelial cell
and nerve terminal a “corpuscle.” He never implied an encapsulated end organ for his corpuscle. He
believed it to be an end organ of touch.

Merkel’s osmium preparation may well have been demonstrating melanocytes, but other
investigators of his era made similar observations, such as Ranvier, using gold chloride (1877) and
Retzius using silver (1894)."? Nevertheless, the Merkel “corpuscle” never seemed to make it inot the
orthodoxy of anatomy. von Frey never included it in his scheme of sensory-histology correlation (see
Chapter 1). He didn’t need another “touch corpuscle.” For von Frey, touch was pressure and he already
had Pacinian and Meissner corpuscles for his correlations! Subsequent (and present day) text books
simply excluded the Merkel corpuscle. As recently as 1955, the Merkel corpuscle was said to be an
artifact.”® Winkelmann'? states that Cauna “did not find the,” referring to Merkel’s corpuscle; however,
Figure 18 in Cauna’s 1954 paper’ is clearly a Merkel corpuscle, although Cauna identified it only as a

nerve network beneath the intermediate ridge. In 1960, Winkelmann consistently demonstrated what he
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termed “hederiform,” or ivy-like nerve terminals ending along the intermediate epidermal ridge in relation
to clear cells in the basal layer of glabrous skin. However, Winkelmann believed the Merkel corpuscle
was similar to a Meissner corpuscle, listed it as a subclass under the Meissner corpuscle, suggested it
should stain for cholinesterase activity since the Meissner does (but in fact the Merkel doesn’t), suggested
it subserved touch and, in particular, motion.

Thus, although after a generation of neglect the Merkel corpuscle was rediscovered, there was
still a long way to go. There have been few published photomicrographs of the Merkel corpuscle in man,
and to this end I have included Figure 2.1, kindly contributed by Bryce L. Munger, M.D., Chairman of the
Department and Professor of Anatomy at the Milton D. Hershey Medical School. It is appropriated that
these illustrations come from him since in 1965 he published the first electron micrographs of the Merkel
cell and its secretory granules, and coined the term that is most appropriate, and which I have adpted in
this book, the Merkel cell-neurite complex.”®

Munger described the Merkel cell-neurite complex in glabrous opossum snout in 1965. That same
year Mann and Straille described a structure in the cat with clear cells and nerve terminals associated with
a tylotrick (thickened, nonpellage body) hair and a n intimately associated epidermal pad.*” This complex
was slowly-adapting. Previously, Iggo and Muir*® had demonstrated the cat touch dome to be a receptor
related to a slowly-adapting fiber. This touch dome, although unassociated with a hair, is located on the
hairy, is located on the hairy cat paw and was morphologically analogous to the Haarscheibe (hair disc)
described by Pinkus in 1904 on the hairy skin of man.* The Haarscheibe of man and the tylotrich follicle
and touch pad of cats, although in hairy skin, had in common with Munger’s glabrous opossum snout
receptor the association of a clear epithelial cell and an expanded bulb nerve termination.

There can no longer be any question of the existence of a Merkel cell-neurite complex that is the
receptor part of the slowly-adapting fiber/receptor system. It has been described on the human trunk
(1966),” the rat back as well as hairy skin of rabbits, mice, and guinea pigs (1967),” hairy skin of
monkey forearm and hand (1969),” and the glabrous fingertips of the raccoon (1971).>* The have been

many confirmatory reports.>*® The description to follow is based upon these studies.
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Figure 2.1 Merkel cell-neurite complex, human glabrous skin, silver stain (SevierpMunger). A Vertical section
through intermediate epidermal ridge at level of seat duct (SD), demonstrating neurites (arrowhead) in relation to
Merkel cells (x 512). B Horizontal section through base of intermediate ridge to demonstrate relationship of
neurites (arrowhead) to sweat ducts (SD) (x 380).

Figure 2.2 Model of distal glabrous human skin: MC, Meissner corpuscle; MD, Merkel cell-neurite
complex; PC, Pacinian corpuscle; LR, limiting ridge; IR, intermediate ridge; PR, papillary ridge; SG, sweat
gland; SD, sweat duct. Note multiple innervation for Meissner corpuscles, single innervation for Pacinian
corpuscle and Merkel cell-neurite complex. Note overlapping peripheral receptive fields.
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Figure 2.3 Model of distal glabrous human skin. Abbreviations are same as in Figure 2.2.

The Merkel cell is a large cell located in the basal layer of the epidermis. In hairy skin, it is either
in groups below an elevated pad (Haarscheibe) or associated with a hair (tylotrich) or vibrissae), while in
the glabrous digital skin it lies in groups of four about the entrance of the sweat duct into the intermediate
ridge (Fig. 2.1). A single myelinated nerve innervates a Haarscheibe in humans, a tylotrich hair in cats,
and a group of Merkel cells about the sweat duct in the glabrous skin, In cats, a single nerve fiber may
innervate four to seven touch domes on the hindleg. The Merkel cells of the Haarscheiben and tylotrich
are associated intimately with hairs, those of the touch dome and glabrous skin are not. The Merkel cell
has a nucleus with irregular borders and contains electron-dense cytoplasmic granules polarized toward
the side adjacent to the nerve terminal. The granule’s histochemical content remains unknown. In man,
desmosome-like communication have been identified, between the Merkel cell and neurite. The origin of
the Merkel cell, neural crest versus non-neural epithelium, remains debated. The Merkel cell is intimately
associated with the neurite, which has lost its myelin and ends in expanded bulbs in a disc-like array
around or about the Merkel cell.

Although Adrian and Zottermann®' suggested that the Pacinian corpuscle was the pressure
receptor, the work of Werner and Mountcastle® demonstrated that only a slowly-adapting fiber/receptor
system was responsive to vertical skin displacement in a linear fashion. The Merkel cell-neurite complex,

the, must be the pressure receptor (see Chapter 3).
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In this book, in addition to Figure 2.1, the Merkel cell-neurite complex is illustrated in

hematoxylin and eosin (Figs. 4.7 and 5.7) and in silver (Figs 5.16 and 12.25) stain for light microscopy

and for electron microscopy (Figs. 10.6 and 10.7).

MODEL OF THE DISTAL GLABROUS SKIN
Figures 2.2 and 2.3 are medical illustrations prepared to illustrate the histology of the distal

glabrous skin of the primate, based upon the references and material developed above, and Lefkowitz’s

thesis.>
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Chapter 3
NEUROPHYSIOLOGIC BASIS OF SENSATION

INTRODUCTION
PERIPHERAL SENSIBILITY
CENTRAL ORGANIZATION

The study of the sense is a point of convergence, where, in the future, the science of physiology,
psychology and physics will come together.

E.H. Weber, 1835'

There is one field of enquiry in which neither animal experiment nor access to a large number of
patients is of much use, the study of disturbance of sensibility, more particularly, cutaneous sensibility. It
is no accident that the renowned investigation of Head, Trotter and Davis, Boring, Woolard and Weddell
were done in times of peace. It is a leisurely occupation. Animal experiments . . . have helped a little; but
man alone . . . can describe the manifold sensations experienced after an injury to a nerve or during
regeneration. Moreover, the injuries themselves must be deliberately inflicted , with great precision, and
the subject has to be a fully informed member of the experimental team . . . It may be said that this is
rather province of the physiologist and the anatomist. In methodology this is true enough, but the problem
is intensely practical . . . What is so astonishing is that in spite of the devoted efforts of many workers the
riddle of sensibility is still not yet solved.

H.J. Seddon, 1972°

INTRODUCTION

Ernst Heinrich Weber was expressing, perhaps, optimism as he looked ahead to the challenge
provided by the study of peripheral sensibility. Sir Herbert Seddon, almost a century and a half later, was
expressing, perhaps frustration. His monograph reviews a lifetime of work, recording his own
observations on more than 2,200 nerve injuries. Sir Sidney Sunderland’s massive book on the peripheral
nerve’ and Barnes Woodhall’s review” of more than 3,600 peripheral nerve injuries already had been
published. The British, Australian, and United States experiences had been carefully documented. Seddon
wrote these words in his Preface about 6 years before his death. He looked back over the past 3 decades
of clinical experience and realized that the surgeon still did not have statistical evidence from a controlled
series to know whether nerve primary or secondary nerve repair gave better results, whether nerve

grafting was superior or either or neither. He realized further that published reports on the end resilts of
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nerve repair continued in the absence of a standardized scheme for evaluating functional sensation in the
hand. Seddon would have had cause for optimism, however, had he been aware of the coming forth from
Vernon B. Mountcastle’s neurophysiology lab at Johns Hopkins. Seddon’s book contains more than 450
references in its bibliography, but none to the basic mechanisms of sensibility elucidated by Mountcastle.
Mountcastle’s textbook of neurophysiology is a good starting place, for in just two chapters® are reviewed
the elements that permitted me to develop a clinical approach to evaluating peripheral senibility that
would have pleased Sir Herbert.

I have had the privilege of visiting Doctor Mountcastle’s laboratory. There are the special
plexiglass chairs, stereotactic devices, behavioral reward devices for the monkey subjects. These were
arrayed before a phalanx of computers, oscilloscopes, stimulating and recording devices. But the
hardware only hints at the guiding genius, of his “view from withing.” On October 28, 1974, Doctor
Mountcastle presented the Dean’s Lecture to the Johns Hopkins University School of Medicine.® This

provides an overview of the activities of Mountcastle’s laboratory and spans almost 2 decades of work.

PERIPHERAL SENSIBILITY

The sensory part of the peripheral nervous system may be thought of as being comprised of
sensory units. Each unit includes a neuron, located in the dorsal spinal ganglion, its central termination
with the central nervous system, its peripheral afferent fibers, and it s most distal termination. This distal
termination may be called the sensory ending and may be a “free” ending, a nerve network, or an ending
in relationship to a nonneural structure. These nonneural structures may be hair follicles or a form of
“encapsulated end organ.” The encapsulated end organs, as described in Chapter 2, are Merkel cell-
neurite complexes, Meissner corpuscles, and Pacinian corpuscles. Those receptors found in joints, fascia,
and muscle spindles will not be considered here.

Each afferent nerve fiber is related to a defined peripheral receptive field. A stimulus of proper
quality and intensity will evoke a neural impulse (response) from the axon from anywhere within its
receptive field. The threshold (stimulus required to generate impulse) is lowest in the center of the field.
Adjacent peripheral receptive field partially overlap. Thus, a stimulus to a point on the skin evokes a
profile of neural impulses from number from the overlapping afferent fibers (Fig. 3.1). The number of
nerve fibers present in a given area of skin is referred to as the peripheral innervation density and is
related to the volume of cerebral cortex representing that area. Thus, for example, the hand, and in
particular the fingertips, have among the highest innervation density of any place on the body surface and
are represented by one of the largest area on the sensory cortex.’

The peripheral nerve is classified conveniently by its fiber size and whether or not it is

myelinated.” For our purposes, the classification may be simplified to the group A, myelinated fibers, and
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the group C, unmyelinated fibers. The C fibers are small, being just 1 to 2 um. Group A is subdivided by
fiber size into A-delta, 2 to 5 um,; A-beta, 10 to 15 um,; and A-alpha, 15 to 20 pm. The A-alpha are
motor fibers. Erlanger and Gesser correlated the A-beta fibers with touch, the A-delta with sticking pain

and temperature, and the C fibers with burning pain. The A-delta and C fiber groups will not be discussed

8-10

further, but detailed account of their neurophysiology are available.

Figure 3.1. Each sensory unit consists of a neuron, located in the dorsal root ganglion, a central connection,
and a peripheral termination. Peripherally, each fiber has a defined receptive field.

The group A-beta fibers, therefore, are those heavily myelinated fibers subserving the sense of
touch. Mountcastle found these fibers could be subdivided based upon their adaption to a constant-touch
stimulus. A fiber is termed rapidly-adapting if its impulse response drops off rapidly to zero. A fiber is
termed slowly-adapting if its pulse response continues throughout the stimulus duration. Only the slowly-
adapting fibers increase their rate of firing, or impulse frequency, as the stimulus intensity is increased
(Fig. 3.2). Thus, only a slowly-adapting fiber can convey information regarding constant-touch (Fig. 3.3)
and pressure (Fig. 3.4). The Weber test, classical two-point discrimination, in which the ends of the
calipher are held in constant contact with the skin, measures the innervation density of the slowly-
adapting fiber/receptor population (Fig. 3.5). The quickly-adapting fiber conveys information about
transients, movement. Thus, the quickly-adapting fiber/receptor system detects moving-touch (Fig. 3.6).
The “moving two-point discrimination test,” in which the two ends of the calipher (paper clip) are moved,

measures the peripheral innervation density of the quickly-adapting fiber/receptor system (Fig. 3.7)."
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Figure 3.2. Properties of adaptation to a constant-touch stimulus. Slowly-adapting fibers continue to
discharge impulses throughout duration of stimulus and increase impulse frequency in response to increased
stimulus intensity. Quickly-adapting fibers fir very briefly after stimulation and then cease. There may be an
“off” response. There is no changed in impulse pattern with intensity change for this stimulus.

After defining the quickly- and slowly-adapting fiber populations by their response to a constant
mechanical stimulus, it remained to further test each subpopulation and attempt to relate the fiber types
with their specific mechanoreceptors. The mechanoreceptor, an end organ, is actually a transducer. It
transforms a mechanical stimulus into a conducted neural impulse. While the exact mechanism of this
transducer process remains to be defined, much is known about the behavior of the individual types of
mechanoreceptors. It will be seen that mechanoreceptors signal to the sensory cortex by a frequency code,

that is, a temporal patter of impulses.

.-

pA P

Figure 3.3. Perception of constant-touch is mediated Figure 3.4 Perception of pressure is mediated by
by the slowly-adapting fiber/receptor system the slowly-adapting fiber/receptor system



Figure 3.5 The Weber test, classical two-point
discrimination, measure the innervation density
of the slowly-adapting fiber/receptor system.

NEUROPHYSIOLOGIC BASIS OF SENSATION

Figure 3.6 Perception of moving-touch is mediated
by the quickly-adapting fiber/receptor system.

Figure 3.7. The moving two-point discrimination test measures the peripheral innervation density of the

quickly-adapting fiber/receptor system.

Slowly-Adapting Fiber/Receptor System

35

The slowly-adapting fiber/receptor system was first directly studied in the touch-pad of the cat’s

hairy skin by Iggo.'” Since then it had been well-define in the cat,'>"**° rabbit,'? alligator, *opossum,'®

raccoon,

skin.

17-23

242 Lo 12-15,24-
monkey,'” '™ ***” baboon,* and man®**’ both in hairy'>'>**3° and glabrous

There are two neurophysiologic properties that define slowly-adapting fiber/receptor systems.

The first is that the neural impulses continue to discharge throughout the duration of the stimulus,

although the frequency diminishes with duration (Fig. 3.8). The second is that there is a change in

response (frequency of impulse) with stimulus intensity change (Fig 3.9). Thus, when the mechanical

16-19,21-23, 26, 45, 47
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probe is pushed deeper into the skin, there are more frequent neural discharges recorded from the fiber.
The slowly-adaptors are the pressure sensors.

What are the receptors for the slowly-adapting mechanoreceptors of the skin? In hairy skin they
are the Merkel cell-neurite complex. Pinkus®' described these in man in 1904. Pinkus’ drawings of the
Haarscheibe are morphologically analogous to the touchpad of the cat. The Merkel cell-neurite complex
may be intimately associated with the base of a hair follicle as described by Straille for the “tylotrich”
hair*? and Andres for the “sinus” hair’ in the cat. These receptors may be stimulated by direct pressur or
by deflection of the associated hair. In glabrous skin, the Merkel cells are again located in the basal layer
of the epidermis but in certain relationship to the epidermal rete. In monkey and man they are located
only at the base of the intermediate ridge about the entrance site of the sweat duct. These are the so-called
type I slowly-adapting receptor.

Neurophysiologically, the slowly-adapting response fibers can be subdivided based upon other
considerations. These are summarized in Table 3.1 from the Iggo’s review.>* Essentially, the type I
fiber/receptor system is uncommon, appears similar to the endings described by Ruffini [it is not
associated with Merkel (epithelial) cells,” although it has been observed at the base of a hair follicle™],
responds to stretching of skin adjacent to its receptive field, and has a resting (non-stimulated) discharge.
a type Il receptor may be thought of as a Merkel cell-neurite complex without the Merkel cell! They are
almost rare. Brown and Iggo found them to comprise just 3% of the slowly-adaptors in the rabbit and 9%
of those in the cat’s hairy skin.'* Knibestal and Vallbo*’ found only 7% of their slowly-adapting fibers in
human glabrous skin to fit into the type II category.

Do slowly-adapting cutaneous mechanoreceptors respond to stimuli other than constant-touch and
pressure? Slowly-adapting fibers have been demonstrated to alter their impulse frequency to mechanical
stimulus when their environmental temperature changes, but these rate changes are very much less than
those generated by changes in the mechanical stimulus.'>* Thus, although they do respond to changes in
temperature, they do not convey the perception of temperature. Similarly, for sinusoidal mechanical
stimuli, slow-adaptors showed a frequency modulation in phase with low frequency vibration, but the
stimulus amplitudes were not appropriate for human perception of movement.*>** In an earlier study,
human Haarschiebe were directly stimulated with a 100-cps vibratory punctate stimulus. There was no
sensation elicited.”’

One additional point is worth discussing for our purposes about the slowly-adapting fibers. What
percent of peripheral cutaneous afferents are slowly-adapting? No one knows. To answer the question
would require single unit analysis of every fiber in a nerve. Even at the level of the digital “nerve,” there
are 2500 axons. We can arrive at an estimate, however. In 1966, Mountcastle® estimated that just 10%

were slowly-adapting. This figure may have come from the work later noted that of 505 fibers tested,
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there were 53 type I SA. But what should be the denominator? Should we include C fibers and A-delta
fibers? A useful comparison for the clinician, interested in functional recovery (see Chapter 6) is the
percentage of slowly-adapting fibers to the total A-beta group. Several studies have recorded large
numbers of single units and reported their results. Implicit in this statement is the realization of the bias in
the selection of the axons that were counted. However, a brief tabulation of these (see Table 3.2) reveals
that about 36% of the group of A-beta are slowly-adapting.
Quickly-Adapting Fiber/Receptor System

The quickly-adapting fiber/receptor system was the first to be investigated by microdissection.
First, Lowenstein removed the onion-like capsule and demonstrated that the site of the generator
potential, the unmyelinated intracorpuscular axon, was distinct from the site of the all-or-nothing
potential, the first node of Ranvier.* It was also noted that the threshold for stimulation rose after
capsulectomy. These concepts were depicted graphically in 1960 (Fig. 3.10).*' Next, Lowenstein was one
of the first to demonstrate fiber specificity by showing that:

the mechano-receptor membrane of the nerve ending of the Pacinian corpuscles is insensitive to thermal
stimuli ... Although a change in temperature per se does not excite the receptor membrane it modities markedly the
mechanically excited charge transfer through the membrane ... In a rapidly-adapting receptor, such as the Pacinian

corpuscle, ... the exciting agent can be clearly distinguished from the modifying agent.41

Figure 3.8. Slowly-adapting fiber/receptor system. A. Drawing of touch-pad found in cat hairy skin, from
light and electron microscopic studies by Iggo and Muir."® B. Record of nerve impulses evoked in single fiber
by mechanical stimulation of touch-pad it innervated. Skin indentation in micrometers shown to left of
record. C. Data pooled from 10 of the studies illustrated in Bl demonstrating power-law relationship between
stimylus and response. (Adapted with permission from V.B. Mountcastle(ed): Medical Physiology, ed 12.
Saint Loui: CV Mosby, 1968, Ch 61-62.%)
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Figure 3.9. Slowly-adapting fiber/receptor system. Single unit recordings from glabrous skin of the monkey
from a 1-mm receptive field on the fingertip. Each line demonstrates the relationship between stimulus
intensity (skin indentation) and impulse response. The series of lines demonstrate that this relationship holds
for stimuli of varying (longer) duration. (Adapted with permission from V.B. Mountcastle(ed): Medical
Physiology, ed 12. Saint Loui: CV Mosby, 1968, Ch 61-62.%)



NEUROPHYSIOLOGIC BASIS OF SENSATION 39

Table 3.2
Estimate of Percentage of Group A-beta That Are Slowly-Adapting Fibers
Aclsence M B v gy Bhir Ha. al 'Ii; :. LR Shirwhy-fulaphng
14 Cal Hairy 501 a1
14 Rabb#t Hary 271 32
18 Monkay Glabrous 70 21
27 Hurman Glabrous 61 TH
37 Monkay Hairy 221 34
38 Monkay Lilabrous 523 4.0
G Baboon Glabrous 21 a3
Tata 1,872 a6
A . To amnmiplihar '_!_'_'__'.-" .__-_|- B -|ﬂ'
Merva lihar B - - By [ 1
e E——— L
Crysial Myslin 3 e 2 - / i
R T _, i i,
ol ':'_'_'I'-:-'.TqEJ.l...M?' P e e

F=E=

= 1
- ? = e -
a-*ff |

egby' sabhstign T : s =

l

a e . e .

warmao carent

.=

;;L i b iy . T = i
Al : —}“ N 4 _J——— A=

o S/ & .
L [ Wygkn firml sade Mipges k.

c —

Figure 3.10. Quickly-adapting fiber/receptor system. A, Method of stimulating Pacinian corpuscle. Electrical
impulse drives the crystal which applies force from capsule to the axon after capsule is removed. B. Records
show increasing generator potentials (a, b, ¢, d) produced by increasing stimuli until a generator potential is
produced (e) that reaches firing level for the axon resulting in a conducted action potential. In 4, pressure at
the fist node of Ranvier blocks production of action potential but not generator potential. In 5, axon has
degenerated after nerve section C. Concept of local change in membrane permeability that results in
generator potential. (Adapted with permission from V. B. Mountcastle (ed): Medical Physiology, ed 12. Saint
Louis: CV Mosby, 1968, Ch 61-62.° Modified from W. R. Lowenstein: Sci Am 203:99-108, 1960*")

In a further study with this model, which was the cat mesentery, an artificial capsule was made
for the “decapsulated” axon. They found that they needed multilayered sheets of mesethelium (thin and
elastic) with fluid between the layers to obtain good mechanical filtering.* They interpreted this to mean
that the capsule shortens the “active” phase of a stimulus, causes rapid decay of the generator potential,
and thereby limits impulse generation, i.e., the capsule is critical to rapid adaption.* However, a second

factor was felt to be present, too, because electrical stimulation at the first node of Ranvier still produced
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just a few conducted neural impulses.* In the summary of that paper, the statement “under these
(decapsulated) conditions, the electrical response of the ending behaves as that of more slowly-adapting
sensory ends: “refers to the generator potential, not the fiber’s conducted response properties of

adaptation. Lowenstein concluded this report with a proposed model for “high pass mechanical”:

The primary elements of this mechanical filter are the lamellae, their inter-connections and the fluid. The
former two provided the structural stiffness and the elasticity, and the latter, the viscosity. The system has thus the
elements of capacitative reactance (elasticity) and resistance (viscosity) ... The system behaves essentially like a
dashpot with pistons (the lamellae) in series. To mechanical stimuli of slow rates of use, that is, compressions of the
outer surface, such a system offers relatively little viscous resistance ... Elastic force is virtually the only force
produced, and this is small and falls steeply from periphery to centre. With fast rising stimuli ... viscous resistance is
high. Hence a high viscous force is developed in addition to the elastic one. The viscous force is transmitted with
relatively little spatial decrement through the system ... This will give rise in the intact corpuscle to a brief pulse of
pressure at the centre where the sensor is located, lasting only as long as the fast rising phase of the stimulus ...
During the “off-phase of the stimulus, stimulus energy stored in the elastic elements of the system is released ... The

sensory ending at the centre receives than during the “off-phase” pressure pulse similar to that of the “one—phase.”43

44, 45

Lowenstein®’ credits Gray with first describing the Pacinian corpuscle as having rapid

properties of adaption.

The quickly-adapting fiber/receptor system has been studied in the cat,'* rabbit,'* raccoon,*'*

24-27 14, 24-26, 37 16, 21, 23, 26, 27, 38, 46, 48

monkey,'®*”***® baboon,*® and human in both hairy and glabrous skin.
The quickly-adapting population can be subdivided based upon the response of single fibers to peripheral
vibratory stimuli.*®

If a vibratory stimuli (an oscillating mechanical probe, electrical sine wave, or tuning fork) is
applied to the peripheral receptive field of a quickly-adapting fiber, a threshold (amplitude of wave) will
be found for that frequency at which the stimulus is transmitted (or perceived in an awake subject being
studied percutaneously). This is the absolute threshold at which an action potential is generated. There
will be higher stimulus intensity (amplitude voltage) at which stimulation of the receptive field results in
a one-to-one entrainment of neural impulses in the fiber. That threshold at which the impulse frequency
equals the stimulus frequency is termed the tuning point. The plot of these points for a given fiber is its
tuning curve.

In a combined psychophysical experiment on humans and single-unit recording in monkeys,
Mountcastle’s group described the sense of flutter-vibration.” In brief, the quickly-adapting population of
group A-beta fibers in glabrous skin contains one group most sensitive to low frequency stimuli (range of

5 to 40 cps), maximally sensitive to about 30 cps, and another group most sensitive to high frequency



NEUROPHYSIOLOGIC BASIS OF SENSATION 41

stimuli (range of 60 to 300 cps), maximally sensitive to about 250 cps. Thresholds were obtained in the
human volunteers, and the tuning curves from the monkeys superimposed (see Fig. 3.11). In another
study, the epidermis of the human volunteers was anesthetized by cocaine iontophoresis. This raised the
threshold for the low-frequency responsive group of fibers (see Fig. 3.12). It was concluded from these
studies that one subset of quickly-adapting fibers existed that was responsive to low-frequency stimuli,
had a receptor located in the epidermis (probably the Meissner corpuscle), and was responsible for
detecting transient stimuli (movement) and flutter/ The second subset was responsive to high-frequency
stimuli, had a receptor located below the epidermis (probably the Pacinian corpuscle), and was
responsible for detecting transients (movement) and vibration. Furthermore, Pacinian afferents were more
sensitive and had a larger receptive field (see Table 3.3).%

What is the distribution between these two subdivisions? In glabrous skin, several studies permit
reanalysis of their published data to give an approximate answer. In monkeys, 16% of 310 quickly-
adapting fibers were Pacinian afferents.”” In baboons, 23% of 26 fibers were Pacinian afferents.* In
humans, 6% of 15 fibers were Pacinian afferents.”’ It has been said that there are no Pacinian afferents in
hair skin.”’

A characteristic set of responses to clinical stimuli is illustrated in Figure 3.13.

It remained to be learned how the quickly-adapting populations of fiber/receptors signalled
magnitude of response. It could not be by impulse frequency, as the slow adaptors do, because the rapid-
adaptors' impulse frequency is related to stimulus frequency. K.O. Johnson investigated this probelm in a
single-unit analysis, monkey glabrous skin model, where the site of vibratory stimulus was related to its
location within the receptor field. The distance of the probe from field center was related to minimum
stimulus amplitude eliciting an action potential in the fiber. These data allowed the formation of the
spatiotemporal response of the population of fibers to the stimulus. Vibratory magnitude (intensity of
vibratory stimulus) was found to be signalled by (1) total impulse frequency; (2) total number of active
fibers; (3) total number of entrained fibers.*’

Although it had seemed that the primate glabrous skin was too packed with sensory end organs to
permit identification of the slowly-and quickly-adapting fiber’s specific mechanorecptor, recent work
from Munger* appears to achieve this correlation. The general approach was to excise dorsal sensory
ganglia, thereby diminishing the population of sensory receptors. Subsequent to ganglionectamy, single-
unit analysis of median nerve fibers is related to a given peripheral receptive field, which is then biopsied.
The histologic, electron microscopic, and neurophysiologic correlates found an innervated Meissner
corpuscle in the rapidly-adapting field, and an innervated Merkel cell-neurite complex in the slowly-

adapting field.
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Figure 3.11 Quickly adapting fiber/receptor system. Heavy lines plot human threshold for perception of
vibratory stimulus to index fingertip. Lighter lines for monkey median nerve fibers. Crosses plot tuning
points for median nerve fibers that end in pacinian corpuscles. If the crosses were joined, tuning curves
would be plotted that cover the high frequency limb of the human threshold curve. (Adapted with permission
from V. B. Mountcastle (ed): Medical Physiology, ed 12. Saint Louis: CV Mosby 1968 Ch 61-62°)

Summaries of the information on slowly-and quickly-adapting fiber/receptor systems are given in

Figure 3.14 and Table 3.4.

CENTRAL ORGANIZATION
Spinal Cord Level

In the peripheral nervous system we saw that cutaneous sensibility is organized according to
submodality specific fiber/receptor systems. These fibers are the first order afferents, and their procimal
connections end within the central nervous system, synapsing with the second order afferents. The neuron
for the second order afferent is in the nucleus cunneatus and gracilis. Third order afferent neurons are in
the ventroposterolateral nucleus of the thalamus. Here they receive input from the second order afferents
and relay this centrally to the somatosensory cortex, the postcentral gyrus of the parietal lobe* (Fig.

3.15).
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Figure 3.12 Quickly-adapting fiber/receptor system. Measurements of human thresholds for sense of flutter-
vibration tested over thenar eminence in the anesthetized cure. Cocaine was applied to skin, blocking the
superficial receptors. Note that this resulted in a threshold change only over the low-frequency portion of the
curve. Thus, the Meissner corpuscles are the receptors for the low-frequency responsive group. (Adapted
with p(sfrmission from V. B. Mountcastle (ed): Medical Physiology, ed 12, Saint Louis: CV Mosby, 1968, Ch
61-62.)
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There is evidence suggesting that the submodality-specific profile of neural impulses, generated

at the fingertip, reaches the thalamic level essentially unchanged. That is, fiber sorting mechanisms

existing within the spinal cord continue the submodality segregation.”
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Figure 3.13 Quickly-adapting fiber/recetor example of percutaneous recording from awake human subject’s
response to (4) taps, (B) continuous pressure, (C) vibration, (D) mechanically (upper) and electrically (lower)
induced impulse. Black spot on hand is receptive field of the recorded single fiber. Note: good response to
transients (moving-touch) in 4 and C. Just an “on-off” type of response to constant-touch and pressure.
(Adapted with permission from A. B. Valibo and K.E. Hagbarth: Exp Neurol 21:270-289, 1968°)

Thalamic Level
The ventrobasal complex of the thalamus, and the ventroposterolateral nuclei in particular,
receives the medial lemniscal pathway. The medial lemniscus carries the second order afferent fibers.

Mountcastle's group™ >

recorded the evoked potentials in this nucleus after tactile stimulation of the skin.
They found that the nucleus contains a detailed representation of the contralateral body and that its
neurons (third order afferents) were highly specific as regards place (area of periphery stimulated) and
sensory submodality (Fig. 3.16). The body pattern represented on the surface of the thalamus is distorted
with respect to the relative surface area of the periphery. The area represented by the head, hands, and feet
is disproportionately large. Thus, this representation is in proportion to the peripheral innervation density,
not to body geometry. From point to point on the thalamic surface, there is also a partially shifted overlap

of the peripheral receptive fields.

From the thalamus, this submodality specificity is projected to somatosensory cortex.



NEUROPHYSIOLOGIC BASIS OF SENSATION 45

Somatosensory Cortex

The postcentral gyrus was first mapped generally in awake humans by direct stimulation by
Penfield and Rasmussen,’® and in detail in monkeys by evoked potential by Woolsey.”’ These studies
yielded the familiar, distorted homonculus in which, as we saw for the thalamus, body shape was
proportionate to the peripheral innervation density, with partially shifted overlapping peripheral receptive
fields (Fig. 3.17).

The surface of the postcentral gyrus can be divided by the cytoarchitecture gradient that extends
from anterior (within the sulcus) area 3, to the rostral half of the gyrus surface, area 1, to the caudal half
of the gyrus surface, area 2, as described by Brodmann. Area 2 contains neurons primarily activated by
rotation of joints, while area 1 and 3 contain neurons activated by skin stimulation.” Mountcastle’s work™™
> demonstrated that the basic organization of postcentral gyrus neurons within each area was vertical.
Utilizing a technique that penetrated the surface of the gyrus with a microelectrode, it was demonstrated
that for a given penetration the neurons in that column of cortical tissue responded in the same manner to

the same peripheral cutaneous stimulus. There was a columnar submodality-specific organization related

to the same peripheral receptive field.
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Figure 3.15 Three sets of afferent fibers transmit a submodality-specific profile or neural impulses to the
somatosensory cortex. Note overlapping peripheral receptive fields.

How does the postcentral gyrus organization permit two point discrimination? During the work of

Mountcastle and Powell®® on the cortex, 53 neurons of the 593 studied were not only excited by

stimulation of one skin area, but were also inhibited by stimulation of another (Fig. 3.18). They found

that general anesthesia could abolish this inhibitory effect, perhaps explaining why the phenomenon had

been so rarely seen (the monkeys studied had received anesthesia). Afferent inhibition, in a center-

surround patter such as this, shapes and limits the profile of neural impulses (as conceptualized in Fig.
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3.19). Thus a broad profile may be centrally inhibited to reveal two peaks. This mechanism may be
operational in two-point discrimination.’

Recently, careful remapping of the postcentral gyrus by Merzenich and co-workers®' have
demonstrated a duplication of the hand area within Brodmann’s areas 3 and 1. This work, in the monkey
species Macaca mulatta, was subsequently confirmed in another species, Aotus trivirgatus, the owl
monkey® and recently reviewed® (Fig. 3.20 and also Figs 5.11, 5.12). As first described in the macque,
appropriate stimuli to peripheral receptive fields resulted on postcentral neuron responses which could be
recorded as quickly-or slowly-adapting. In are 3 (within the sulcus), 56% of the responses were slowly-
adapting. In area 1 (rostal half of gyrus surface), 95% of the responses were quickly-adapting.®’ This
duplication was shown to occur first at this, the highest level of sensory organization, as it was not present
(by horseradish peroxidase staining) in the thalamus.** These authors believe this dual representation is

firmly established, as they have now studied 3500 recording sites in New World Monkeys.”

fa
o |
L2l
Vo 4
VY /
-

dw e (I g
i'...l'

w
A
Ve
7/
i
e

L u
Wy

L ERSKNEL 29@® - -
5 TR N N 2L .
&

4

'3

g
-:T"-t *

-

<> e &5

‘O
S

e N T

Figure 3.16 Thalamic sensory organization: Representation of cutaneous sensibility in one frontal plan of
thalamus of monkey. Tactile stimulation of skin of areas marked on figurines evoked responses at points
indicated. VPL. Ventroposterolateral nuclei. (Adapted from Mountcastle™)
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Figure 3.17 Postcentral cortex sensory organization: Representation of cutaneous sensibility rostral surface
postcentral gyrus of monkey (area 1). Central sulcus is heavy wavy line to the right. Tactile stimulation of
skin of areas marked on figurines evoked responses at points indicated. (Adapted from Woolsey.*”)
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Figure 3.18 Afferent inhibition: Tracing to right is from a postcentral gyrus neuron which reacted to
stimulation in the contralateral forearm excitatory zone. During this response, tactile stimulation of the zone

surrounding this central excitatory zone produced inhibition of the response. (Adapted from Mountcastle and
Powell.*®%)
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Figure 3.19 Afferent inhibition: conceptualization of the reshaping or contouring of the profile of neural
impulses by afferent inhibition. This may be the mechanism operational in two-point discrimination.
(Adapted with permission from V. B. Mountcastle (ed): Medical Physiology, ed 12. St. Louis: CV Mosby,

1968. Christianity 61-62°)

A summary, adapted from Mountcastle, of the coding of peripheral sensibility is presented in

table 3.5.
Table 3.5

Peripheral and Cortical Coding Mechanisms for Sense of Flutter-Vibration”
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Figure 3.20 Dual representation of the hand area: A. The postcentral gyrus is cytoarchitecturally divided into
Brodmann’s areas: 3 (within sulcus). 1 (rostral half of gyrus surface) and 2.B. the hand area is
topographically present in areas 3 and 1. C. each O or ® represents a direct recording from a neuron,
labeled after appropriate peripheral stimulations. Area 1 was found to average 95% slowly-adapting units.
(Adapted with permission from R. L. Paul et al: Brain Res 36: 229-249, 1972°")
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Chapter 4
SENSORY CORPUSCLE AFTER NERVE DIVISION

INTRODUCTION

EARLY SENSORY INVESTIGATIONS
PACINIAN CORPUSCLE

MEISSNER CORPUSCLE

MERKEL CELL-NEURITE COMPLEX
CLINICAL IMPLICATIONS

INTRODUCTION

In 1850, August Waller described the axonal consequence of dividing the IX and XII cranial
nerves of the frog.' Ranson’s classic light microscopic” and more recent electron microscopic®’
investigations have described in great detail the axoplasmic, myelin, and Schwann’ cell alterations that
characterize the peripheral nerve fiber following complete nerve division, and which we call “Wallerian
Degeneration.” Virtually every minute detail of this process has been reviewed recently by Sunderland,’
who cites 533 reference sources. Following complete transection of a nerve, both retrograde and
antegrade changes occur. Retrograde changes include not only a variable degree of axoplasmic
disintegration and absorption, but also central neuronal chromatolysis, followed by cell death (or
recovery). The proximal axonal swelling represents the build up, through axoplasmic flow, of materials
required for the axoplasmic sprouts to regenerate and corresponds with a central nuclear polarity during
chromosynthesis or recovery. The severity of the retrograde changes is directly proportional to the
severity of the injury (avulsion causes more chromatolysis than laceration) and inversely proportional to
the distance between the neuron and the site of injury (shoulder level causes more chromatolysis than
forearm level). The antegrade changes comprise axonal swelling, axonal breakup, myelin degeneration,
Schwann-cell dedifferentiation into macrophage-like cells, phagocytosis of degenerated axoplasm and
myelin, and subsequent partial collapse of the endoneurial tube. The most distal antegrade change, the
counterpart of the central component of retrograde change, is not discussed. The fate of sensory
corpuscles follwoing nerve division is not mentioned.

Sensory function is more difficult to asses at every level of investigation than motor function. For
this reason, investigation of every phase of neuromuscular activity has preceded similar work in sensory

function. Until the last 2 decades sensor function has been relatively ignored. Sunderland® devotes five
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full chapters (with at least 550 references) to the effect of denervation upon muscle without a single
reference to the effect of denervation upon sensory corpuscles!

A brief account of change in the motor system following denervation is offered for comparison
with sensory material to follow. After complete nerve division, progressive gross muscle atrophy occurs,
although histologically the remaining fibers retain striations and relatively normal subsarcolemmal nuclei.
Atrophy is due to myofibrillar fragmentation and subsequent loss. Motor end-plates degenerate. There is a
relative increase in the connective tissue component which may give the appearance of “fibrosis.” Motor
fiber bulk may be reduced by 80%. The pathophysiologic, biochemical, and ultrastructual changes

occurring in denervation muscles are beyond the scope of this text.

EARLY SENSORY INVESTIGATION

Two basic approaches have been used to investigate the fate of denervated sensory corpuscles: (1)
the nerve is injured (crushed, ligated, or transected) and previously innervated tissue examined at some
point later in time. (2) The tissue containing the sensory end organs is excised and transplanted, and this
transplanted tissue is the examined at some point later in time.

The series of experiments carried out in the laboratory of J. Boeke, in Utrecht, Netherlands in the
1920’s and 1930’s remains classic.”® A succession of co-workers, including Klein, Dykstra, Heringa, and
Van Straten, were present with Boeke during this time.” Their early work involved the mole’s snout: this
specialized sensory end organ (the organ of Eimer) contains expanded bulb nerve endings adjacent to
epidermal papillae. The organ of Eimer was observed to “degenerate” following trigeminal nerve
transection. A similar study in the duck demonstrates that the bill’s corpuscle endings, Grandry corpuscles
(a neurofibrillar disc morphologically analogous to a Merkel cell-neurite complex) and Herbst corpuscles
(Pacinian-like corpuscles) degenerated following division of the V cranial nerve. Also in the duck, bill skin
was excised and transplanted onto the foot with subsequent degeneration of these corpuscles (Fig. 4.1).

The sensory end organ most intensely studied with respect to nerve sectioning experiments has
been the taste bud. Guth'""" (then at the National Institutes of Health, and now at the University of
Maryland’s Department of Anatomy) pursued Waller’s experimental design. Using a rat model, the IX
cranial nerve was divided and the circumvallate papillae studied; they were found to degenerate and
desquamate. Recent electron microscopy has confirmed these observations.'*"

In the skin graft type of study, small corpuscular sensory ending were observed to degenerate
completely in pig snout transplanted to the pig’s back'* and in rabbit scrotal skin transplanted to the
rabbit’s ear."

Although these studies suggest that denervated sensory corpuscles degenerate, recent authorities

imply that sensory end organs persist, at least to the extent that the regenerating axon “re-establishes”
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continuity with end organ.'®'” Seddon cites an example of “Pacinian and Meissner Corpuscles found in
man nine months after nerve injury,” documented by Lyons and Woodhall in 1949. Careful review,
however, reveals a histologic section from a fingertip biopsy from the amputated arm of a soldier injured
9 months earlier. The soldier had sustained a high velocity missile injury to the axilla with laceration of
the subclavian artery and brachial plexus. In the biopsy, one Pacinian and on Meissner corpuscle were
found: they were described as being “aneuric and fibrotic.” Though “persisting” following “nerve injury,”

I believe these corpuscles had degenerated.

Figure 4.1 Photograph of duck’s bill, with two sites of successfully transplanted scaly skin from the duck’s
foot. No Herbst or Grandry corpuscles regenerated de novo in these grafts. (Reproduced with permission
from J. Boeke; The Problems of Nervous Anatomy, London Oxford University Press, 1940.%)
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Figure 4.2 (4) (B) (C) Nonspecific cholinesterase staining of the Meissner corpuscle. Control sections: A at
x25 and B at x100. At 4 months after denervation (C, x100) the corpuscle still stains well but has altered
morphology.
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Figure 4.2 C

Winkelman’s observation of Meissner corpuscles in the toe of one dog 18 months following
sciatic nerve division' is often quoted as demonstrating that sensory corpuscles persist following nerve
division. Winkelman used a nonspecific cholinesterase histochemical technique has been utilized to study
biopsy material from fingertips of patients with neuropathy.”” Qualitative changes were observed in these
disease states. The interpretation of these studies is difficult. They essentially demonstrate an aneuritic
corpuscular remnant that contains an active enzyme. Application of a cholinesterase inhibitor to the skin
fails to alter the clinical response to sensory testing,” and therefore positive non-specific cholinesterase
staining does not have functional significance clinically. The positive staining material appears to be
localized between the axoplasm and the Schwanncell,” or, by analogy, between the axon tip and the
lamellar cell process in the Meissner corpuscle. No comments were made in the study of the neuropathies
as to whether the numerically diminished corpuscles that remained were of normal size or atrophic! I feel
that this staining technique cannot be utilized to demonstrate anything more than the location of a
Meissner corpuscle, and inferences regarding corpuscles’ integrity or function are not justified.” My own
investigations with this technique also demonstrate presence of positive-staining Meissner corpuscles in
denervated primate fingertips, but careful comparison with controls suggests that the overall shape of the

Meissner corpuscle is distorted and smaller** (Fig. 4.2). I believe these observations suggest that even
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though Meissner corpuscle remnants are nonspecific cholinesterase-positive in staining characteristics,

these end organs are degenerating following denervation.

PACINIAN CORPUSCLE

It was natural for detailed sensory investigations to begin with the Pacinian corpuscle. As
discussed in Chapter 1, this corpuscle was the first sensory end organ discovered because it is
macroscopic. It is ubiquitous in mammals and quite abundant in the mesentery of the cat. Ferdinand C.
Lee,” in a remarkable series of experiments from the Hunterian Surgical Laboratory (begun by William
Stewart Halstead) at Johns Hopkins, demonstrated degeneration in the Pacinian corpuscle. These were
reported in 1936. He divided the myelinated fiber to the corpuscle in the cat mesentery and observed,
histologically, degeneration of the axon and its completion within 2 weeks. His surgery was performed
under an early (Greenough) operation microscope. His short-term observation showed no change in the
lamellar corpuscle. Lee also studied the physiology of the corpuscle and the effect of “regeneration”
following partial excision of the corpuscle (it rounded over and contracted, not really “regenerated”).

In 1949 Glees et al.*® made long-term observations on the effect of denervation upon the Pacinian
corpuscle itself. They excised Pacinian corpuscles from cat mesentery and implanted them into cat
cerebrum and thigh muscle. Up to 400 days later there were no signs of degeneration of the lamellar
corpuscular structure. There were also no signs of reinnervation either by cerebral axons or those
“cutaneous” axons adjacent to the thigh muscle. Lowenstein’s neurophysiologic studies of this receptor,
discussed in detail in Chapter 3, led to a series of experiments on the effect of denervation upon the
Pacinian corpuscle. Attempting to learn the relationship of the different components of this fiber/receptor
system to neural conduction, Lowenstein®’ crushed and divided the myelinated axon to the corpuscle. The
axon ending degenerated and the corpuscle’s laminated capsule remained unchanged. In attempting
“nerve union” studies, corpuscles, themselves, were still present in failed “nerve unions” 7 weeks after
nerve division.

The effect of denervation upon Pacinian corpuscles has been investigated in subhuman
primates.*® ** After nerve division, the axon terminal within the corpuscles was completely absent within
3 to 4 weeks. Specific descriptions of later corpuscle changes were not given, although noninnervated
corpuscles could be “identified” at 40 weeks postdenervation. Histochemical studies demonstrated loss of
acetylcholinesterase staining in the Pacinian corpuscle by 8 weeks postdenervation, while nonspecific
cholinesterase staining showed no difference from controls.

Ultrastructural evaluation of the immediate events following denervation has been reported in the
cat, sciatic nerve, hind footpad model.*® These findings confirmed those discussed above and added that

the lamellar cell processes were responsible for the phagocytosis of the unmyelinated portion of teh axon
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within the Pacinian corpuscle’s inner core, analogous to the Schwann cell phagocytosis of the myelinated
portion of the axon. This suggested that the lamellar cells were modified Schwann cells.

The single reported observation, of which I am aware, in man is that described earlier'® following
brachial plexus trauma. At 9 months postinjury, fingertip biopsy demonstrated a single “aneuritic and
fibrotic” Pacinian corpuscle.

It may be concluded that Wallerian degenerated occurs following division of the sensory nerve
fibers to a Pacinian corpuscle. The end organ’s tightly wound lamellae, probably over a great length of
time, undergoes progressive degeneration. This latter process is slow and its time course remains to be
defined. The relationship between the activity of the enzymes of the cholinesterase system upon

neurotropism or capsular integrity remains unknown.

MEISSNER CORPUSCLE

Although the observations by Winkelman (19) of the effects of the denervation upon Meissner
corpuscles (utilizing non-specific cholinesterase staining techniques) has been interpreted as
demonstrating persistence of these corpuscles) further work has altered these interpretations. In a series of
precise morphologic and histochemical investigations, Silver, Versaci, and Montagna studied control and
“pathologic” biopsy material from patients’ fingertips.’" ** These patients had various median and ulnar
nerve injuries from 2 1/2 to 12 months prior to biopsy. The staining reaction to acetylcholinesterase
became greatly reduced following denervation and that to butyrocholinesterase also became reduced.
Nonspecific cholinesterase staining was not employed. Furthermore, serial sections of corpuscles were
measured in terms of capsular height, length, and width, and volumes estimated. In two patients, 10
months and 12 months postdenervation, Meissner corpuscle volume was reduced by 53% versus control!
For example, one of these patients demonstrated Meissner corpuscle degeneration from an estimated
volume of 98 cu to one of 47 cu, a change statistically significant at the p less than 0.001 level.

The effect of nerve crush and division in subhuman primates was studied at 3 to 4 weeks, 6 weeks
and 8 weeks postinjury utilizing acetycholinesterase and nonspecific cholinesterase and silver
techniques.”” By 3 to 4 weeks, all corpuscles were aneuritic, acetylcholinesterase staining was diminished,
and nonspecific cholinesterase staining unchanged. By 8 weeks, the acetylcholinesterase staining
charactersitics were returning in the crushed nerve specimens, while in the nerve division specimens the
acetylcholinesterase reaction was absent and the nonspecific cholinesterase reaction was normal.

These earlier studies demonstrated that at 3 to 4 weeks the Meissner corpuscle had undergone
Wallerian degeneration and that at 8 weeks postdenervation alterations in histochemical staining

occurred. In at least two isolated observations, the capsular structure degenerated by 10 months.
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We investigated the effects of the prolonged denervation upon the Meissner corpuscle in the
Rhesus monkey, utilizing a sequential light and electron microscopic technique that permitted controlled
observations.”* In these studies, an Azzopardi silver and Masson trichrome staining technique was used to
study 72-hour, 2-week, 4-month, 7-month, and 9-month postdenervation fingertip biopsies. In each
monkey, the median, ulnar and radial sensory nerves were excised for a length of 1 cm at the wrist of the
level to totally different the volar pads and eliminate anomalous innervation. At 72 hours postdenervation,
the Meissner corpuscle had lost the pink-staining material usually present between the lamellae, and the
lobular architecture was less prominent. Silver staining showed the axon terminals were fragmenting. At 2
weeks, lobular subdivisions were less evident, the lamellae appeared to be “collapsing,” and no axon
terminal remained. There was little further change in 4 months. By 7 months, the corpuscles were
shrinking in size. By 9 months, they were markedly shrunken (Fig. 4.3 and 4.4)

Ultrastructural changes paralleled and confirmed the light microscopic observations.*** The
electron microscopy at 48 hours showed that terminals were degenerating and being phagocytized by
lamellar cell processes. At 4 months postdenervation, axon terminals were absent, lamellar cell processes
had become blunt, and there was a relative increase in interlamellar substance (Fig. 4.5). The observation
of lamellar cell phagocytosis of the axon terminals is analogous to the Schwann cell phagocytosis of the
axon in classical Wallerian degeneration,> of the Dark Cell phagocytosis of the axon filaments in the rat
fungiform taste bud,'? and of those reported above in the Pacinian corpuscle.”

We conclude that the denervated Meissner corpuscle undergoes progressive degeneration,
beginning first with its axon terminal, then with enzyme systems within the lamellar cell (e.g.,

acetylcholinesterase) and then with atrophy of the lamellar cell complex itself.

MERKEL CELL-NEURITE COMPLEX

During studies following discovery of the “Touch Corpuscle” in the cat, Brown and Iggo®*
observed that crushing the saphenous nerve caused the tactile cells and the nerve fibers to degenerate and
the dome to flatten. Palmer®® extended these observations to the opossum. In an abstract, he reported
dividing the infraorbital nerve and observing snout Merkel cells and the axon terminals to be degenerated
completely by 72 hours after nerve section. Kasprzak et al.*® in 1970 confirmed Brown and Iggo’s earlier
observations on the cat’s footpad.

An apparent species difference in the trophic dependence of the Merkel cell on the presence of
the axon was noted by Smith.”’ In the rat, division of the cutaneous nerve caused degeneration of the axon
terminals beneath the tylotrich hair, but up to 90 days later the Merkel cells remained intact. Kasprzak et

al.*® confirmed these observations in the rat.



SENSORY CORPUSCLE AFTER NERVE DIVISION 63

Burgess et al in 1974°® divided the femoral cutaneous nerve of the cat and observed its effect
upon the previously identified touch dome population. This site was depilated, the domes tattooed, the
domes counted under magnification, and the site photographed. The site was re-examined at intervals up
to 1 year after the crush and denervation. Electrophysiologic recording was done from the nerve with
simultaneous stimulation of the touch domes in the receptive fields before and after nerve crush and
division. At 16 days following nerve division, the neural component of the dome was completely
degenerated. By 35 days following nerve division, the entire dome had disappeared (Figs. 4.6 and 4.7)

Recently, Munger and Ide* have studied degeneration of the Merkel cell-neurite complex in the
raccoon at the ultrastructural level. They have confirmed the neural degeneration and observed a decrease
in the Merkel cells as well as decreased number of the synaptic vesicles in the Merkel cell. (see Fig. 10.7).

It may be concluded that the Merkel cell-neurite complex also undergoes progressive

degeneration postdenervation.

CLINICAL IMPLICATIONS
Length of Delay Before Nerve Repair

What is the effect of delaying a nerve repair for a period of time after nerve division? In general,
there is little effect for a “short delay” and a decrease in quality of recovery of function for delays greater
than 4 months. But “good” recovery has been reported even after delays of 2 years.*” One report stated
that “in marked contrast to the analysis of motor recovery, it is extremely significant that the analysis here
yielded no evidence that time from injury to suture influenced (sensory) recovery in any way.”*' A critical
review of those studies suggesting that a long delay has no effect, however, reveals that these studies are

2 or they define delay as “greater than two weeks.” One study

based on an “arbitrary grading system,
which suggests that delay is detrimental* does not distinguish between sensory and motor recovery. The
distinction is essential, of course, because the motor end-plates persist in good condition for a year and
muscle atrophy does not begin for an even longer period of time.*

If one includes only those studies that report specifically on the sensory components of the
median and ulnar nerves, and then grades the degree of functional recovery (e.g S1 to S4), the results
indicate a significant loss in the percentage of patients achieving a given grade of recovery and a decrease

in the highest grade attained when the delay interval exceeds 4 months***’ (Figs. 4.8 and 4.9).
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Figure 4.3 Progressive change in the Meissner corpuscle after denervation. 4. Representative normal
Meissner corpuscle. B. at 72 hours after denervation, showing early loss of lobular subdivisions and of pink-
staining material. C. At 2 weeks, there is complete loss of the lobular subdivision and lamellar collapse
appears, with progressive diminution in the size of Meissner corpuscle is seen adjacent to the capillary in the
dermal papilla (Masson trichrome, x160). (Reproduced with permission from A. L. Dellon et al, Plast
Reconstr. Surg 56:182-193, 1975%%)
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Figure 4.4 Progressive changes in the Meissner corpuscle after denervation (above left). 4. Representative
normal Meissner corpuscle from a control fingertip; note the fine meshwork of nerve terminals within the
corpuscle. The other photographs are of denervated Meissner corpuscles. B. Axonal fragments remain within
Meissner corpuscle at 72 hours after denervation. C. At 2 weeks. D. At 4 months. E. at 7 months. F. at 9
months after denervation, nerve terminals are absent from the Meissner corpuscle and there is a progressive
decrease in the size of the Meissner corpuscle. In the last photograph F the Meissner corpuscle is adjacent to
a capillary (Silver stain, x 160). (Reproduced with permission from A.L. Dellon et al: Plast Reconstr Surg
56:182-193, 1975.%%)
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Figure 4.5 A. Electron micrograph of a normal Meissner corpuscle. In a dermal papilla beneath the epidermal
basal cells (B), the Meissner corpuscle contains sstacks of lamellar cell processes, (1), which ensheath the
axon terminals (4). The axon terminals contain numerous mitochondris. Between the processes is the
interlammelar substance (s). (X12,450) (Reproduced with permission from A.L. Dellon et al: Plast Reconstr
Surg 56:182-193. 1975%%)
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Figure 4.5. B. Electron micrograph of a normal Meissner corpuscle 48 hours after denervation. Degenerating
axon terminals (4) are characterized by granular axoplasm (G) and vacuolization (7). Possible example of
axonal phagocytosis (P) within a lamellar cell process** (x21,200). (Reproduced with permission from A.L.
Dellon et al: Plast Reconstr Surg 56:182-193. 1975
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Figure 4.5 C. Electron micrograph of a Meissner corpuscle 4 months after denervation. Beneath the
epidermal basal cells (B), the lamellar cell nuclei (In) are crowded together in the shrunken Meissner
corpuscle. No axon terminals are present. There is a relative increase in the interlamelar substance (s)
between the collapsed and narrowed lamellar cell processes (i). (x12,450). (Reproduced with permission from
A. L. Dellon at: Plast Reconstr Surg 56:182-193, 1975%%)
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Figure 4.6 Distribution of touch domes in the cat thigh before (4) and (B) division of the femoral cutaneous
nerve. The squares and triangles are domes from overlapping, nonfemoral cutaneous nerves. (Reproduced
with permission from P.R. Burgess et al: J Physiol 236:57-82, 1974°%,

These clinical observations may be explained if one assumes that the recovery of normal
sensation requires a regenerating axon to reinnervate a persisting sensory end organ. During the first 6
months of denervation, the Meissner corpuscle, for example, loses its nerve fibers and its general
architecture, but it has not undergone major reduction in size and it can probably still respond fully tot eh
reinnervating nerve. After 6 months, the progressive retraction and collapse of lamellae, the steadily
diminishing corpuscular size, and the increased collagenation probably render the Meissner corpuscle
incapable of responding fully to a reinnervating axon’s trophic influence. These structural changes
probably prevent the Meissner corpuscle from ever regaining its normal threshold characteristics and,
therefore, its potential for mechanoreception.

The Meissner corpuscle appears to be about midway in the rate of degeneration between the rapid
deterioration (review above) of the Merkel cell-neurite complex and the relative stability of the Pacinian
corpuscle. Thus, a period of delay of even 6 months will find the sensory end organ population in less
than optimal condition to receive the regenerating axons.

How Long to Wait Prior to Re-exploration

Although you want to allow sufficient time to elapse to permit axonal regeneration across the

repair site and distally to the fingertip, and allow for the patient’s age, etc. you must remember the

progressive degenerative changes occurring in the end organ population. If, for an injury at the wrist, the
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predicted pattern of sensory recovery (see Chapter 7) is not proceeding on schedule, we believe re-
exploration, between the 4th and 6th postoperative month, is indicated. To permit a greater interval to
elapse is to permit such peripheral end organ degeneration that the salvage procedure (neurolysis, nerve
grafts, etc.) will be handicapped severely.

Effect of the Ischemia on End Organ Degeneration

This is, essentially, unknown and remains an area for future investigation. Two recent studies are
pertinent. The effect of forearm arterial injuries upon recovery of sensation from concomitant nerve injury
has been reviewed.’® The conclusion was that “associated unrepaired arterial lacerations have no apparent
effect on the rate or completeness of neurological recovery following repair.” Presumably, this was
because “following single arterial injury in the forearm, the intact artery consistently demonstrates a
compensatory increased flow.” However, in these cases, significant ischemia to distal sensory end organs
probably doesn’t occur. More pertinent are the results of the Duke replantation experience.”’ Detailed
evaluation of recovered sensibility was correlated with the replanted digit’s pulse-volume recordings.
Those patients who recovered less that 6-mm two-point discrimination all had pulse-volume recordings at
least 85% of normal. Results of two-point discrimination, overall, in their series was not as good as that
for digital nerve repairs in nonamputated digits.

I believe that the sensory corpuscles, being highly active metabolically, have a low tolerance to
ischemia thereby differ from the other digital components, e.g., epidermis, tendon, bone, in their absolute
requirement for oxygen. Although a replanted digit with a cold ischemia time of 24 hours may survive,
we feel that even the most meticulous nerve repair will only result in axons regenerating to ischemia-
injured end organs. Following prolonged ischemia, for example, the enzyme systems of the lamellar cell
processes of Meissner corpuscles are probably irreversibly damaged, rendering them either unable to
respond to neurotropism (these may be the same thing). Ischemia is probably the cause of the “ghost”
Pacinian corpuscle observed in autografted primate volar pads,’> while lack of ischemia is the basis of the
persistent neural structures observed in the distal end of the pedicle flap.> My own observations (see

Chapter 5) on sensory corpuscles in flaps and grafts support this view (see Figs 5.13 through 5.17)
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Figure 4.7 Cat touch domes before (4) and 22 days after (B) nerve division. Note complete loss of the

Merkel cells (arrows, 4) and flattening of the dome after denervation. Calibration bar (left of figures) is 50
(**m). (Reproduced with permission from P.R. Burgess et al: J Physiol 236:57-82m 1974°%).
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DEL&Y AFTER RERVE SUTLURE imos

Figure 4.8 Effect of delay in nerve suture upon the degree of sensory recovery following wartime distal
median nerve injuries. After delays of more than 4 months, there was a significant decrease in the percent of
patients recovering to the S3 level. (Adapted from Kirklin et al*’)

71
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Figure 4.9 Effect of delay in repair of divided nerve upon degree of sensory recovery, for distal median
nerve, wartime injuries. After delay of 6 months, there was a significant decrease in percent of patients
recovering to the S2+ and S3 levels. (Adapted from Zachary.*")

Sensory Neurotropism

The interaction between the axon and epithelial (mesenchymal) component of the sensory

corpuscle is poorly understood. To what extent is the integrity of the epidermis and dermis dependent

upon neurotrophic factors? Why do fingertips undergo acralsclerosis after nerve division? To what extent

do the corpuscular components control the course, the ultimate destination of regeneration axons? What is

the role of the synaptic vesicles in the Merkel cell, and of what significance are the various

cholinesterases and their varying response to denervation? These questions and more remain to be

. . . . . . 54 55
answered. An intriguing start has been made in the reviews by Harris,”™ Werner,” and Drachman’s

multiauthored monograph.
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Chapter 5
SENSORY CORPUSCLES AFTER NERVE REPAIR

INTRODUCTION

EARLY REINNERVATION STUDIES
PACINIAN CORPUSCLE

MEISSNER CORPUSCLE

MERKEL CELL-NEURITE COMMPLEX
CROSSS-REINNERVATION STUDIES
CLINICAL IMPLICATIONS

INTRODUCTION

This chapter is concerned with the most distal events by which an injured sensory nerve re-
establishes contact with the external world. The process is regeneration. “Regeneration is an active
invasion and displacement process in which the pushing forces of axonal streaming, increased axoplasmic
pressure and central protein synthesis are opposed by distal Schwann cell proliferation, collapsed tubules
and collagen accumulation.' This excellent general description focuses upon the nerve fiber, as has most
previous investigation and writing is this field. Seddon,” for example, extended the process to be the
periphery but was concerned only with muscle reinnervation. Suderland’s comprehensive review of
regeneration comprises 239 references on axonal regeneration,’ 88 references on the pattern motor
recovery associated with regeneration of motor nerve fibers,* but just 27 references on the pattern of
sensory recovery associated with regeneration of sensory nerve fibers. Of those 27 references, only five
actually describe the effect of regeneration upon sensory corpuscles. These five references have appeared
in the last decade and are included in the review to follow.

Very few studies have focused on sensory receptors in fact, some of those referred to as
demonstrating “end organ reinnervation” have not concerned sensory receptors for example, the series of

studies by Sanders and Young in the mid 1940’s"®

is usually quoted as showing “the importance of end
organ reinnervation.” What these investigators actually did was to divide mixed nerves and, in some
instances, pure motor nerves (e.g., to the gastrocnemius) and then to permit some nerves to regenerate and
others not to regenerate. They then studied nerve fiber diameter in those nerves allowed to regenerate.
They never evaluated sensory receptors they concluded that although the shrunken distal Schwann tubes

“restricted the diameter attained by the regenerating fibers within them™® “both sensory and motor nerve

fibers became larger when allowed to reach their end-organs.”® Thus, “the most powerful influence lies



76  EVALUATION OF SENSIBILITY AND RE-EDUCATION OF SENSATION IN THE HAND

% But, these studies did not evaluate the effect of

not centrally but in connection with the end-organ.
regeneration upon the sensory end organ.

One of the central areas of controversy has been whether regenerating sensory axons reestablish
contact with sensory end organs, that is, reinnervate persisting sensory corpuscles, or whether
regenerating sensory axons arrive at the periphery and induce the new sensory end organs that is, develop
new or de novo sensory corpuscles. Chapter 4 established that sensory corpuscles undergo progressive
degenerative changes following denervation the sensory corpuscles, therefore, do “persist” for a time after
nerve injury, but if they remain without innervation sufficiently long, they are altered significantly. This
chapter will attempt to answer the following questions. Can sensory corpuscles arise de novo? Can

degenerating corpuscles be reinnervated? What happens if a persisting end organ is reinnervated by an

axon that previously had innervated a different type of sensory end organ?

EARLY REINNERVATION STUDIES
BOEKE

J. Boeke’s observations on the organ of Eimer in the mole snout are quoted as demonstrationg de
novo end organ formation.” However, Boeke’s observations were made during the mole’s growth and
development when the early fibers into the mole’s snout (the organ of Eimer) were noted to degenerate.
Following tis degeneration “entirely new innervation” was found which was identical with the adult form
of this organ. Thus, these observations probably cannot be extrapolated into the primate nerve repair
setting.

In ducks Boeke'® ! transected the trigeminal innervation and subsequently biopsied the duck’s
bill to evaluate the effect of the regenerating axons upon the Grandry (a morphologic analog to the
Merkel cell-neurite complex) and Herbst (a morphologic analog to the Pacinian) corpuscles. He observed
axons re-entering, thereby reinnervating, each of these corpuscles. The Grandry tactile cell, which had
“shriveled” in size, regained normal size as the axon developed into the neurofibrillary disc.
Developmentally, the tactile cells were of lemnoblastic (sheath cells) origin. Boeke specifically
distinguishes what I call “reinnervation” from de novo origin as follows: “Besides a regeneration of the
old existing sensory corpuscles, a great number of new corpuscles is formed.”"'

In duck bill-to-leg and leg-to-bill skin “transplant” experiments, graft biopsies at 2 month after
surgery were observed to contain only degenerated corpuscles, including the Herbst corpuscles. These
were smaller than normal and infiltrated by “blood capillaries apparently being organized by the
surrounding connective tissue. No ‘new’ corpuscles developed in the leg-to-bill transplants by eleven
months after surgery. In the bill-to-leg transplants, however, ‘new’ Grandry corpuscles developed and

‘here and there’ newly-formed Herbst corpuscles.”"!
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In related experiments often quoted as demonstrating de novo origin of sensory end organs,
Boeke’s approach was to excise an area of skin, allow this area to heal “primarily,” and to evaluate the
end organs of this “regenerating skin.” This approach was utilized in the duck’s bill, where “newly
formed Herbst and Grandry corpuscles “developed,” in monkey fingertips and in the little fingertip of his
assistant, Doctor van Straaten, where “new” Meissner corpuscles developed.” "'

Boeke’s laboratory carried out imaginative and excellent work and the observations will remain
classics. However, as wound healing is understood today, all the work based on “primary” healing of
excised wounds is fallacious Secondary healing of excised wound into the healed central, and future
biopsy site (see Fig. 5.1). Recall it was only this type of study in the duck that “new” Herbst corpuscles
were observed. Problems with experimental design in sensory investigations still persist. A recent study
reported “new” Pacinian corpuscles regenerating” after nerve repair.'> Analysis of that study'? suggested
wound contracture and transposition of normal adjacent Pacinian corpuscles as the source of the de novo
corpuscles. Indeed, Boeke’s own serial drawings of “primary healing” in the monkey’s and in von
Straaten’s finger clearly show the wound contracture (Fig. 5.2). New skin did not form. De novo
corpuscle formation did not occur.

Boeke’s work does document that following nerve division, Grandry and Herbst corpuscles are
reinnervated by regenerating axons. The study also apparently shows that de novo Grandry corpuscles
arise in ducks during axonal regeneration

The extrapolation of the response of sensory end organs to denervation and axon regeneration in
lower vertebrates to that of higher vertebrates is probably not justified. For example, the mole is blind and
“sees” primarily with its nose for food and shelter. The duck, whose forearms are wings and whose
fingertips are feathers and claws relies on its beak not only to hold its food but also to filter seeds and
insects from sand, in the water and mud.'* Although some birds, like the duck, and perhaps some
mammals, like the mole, can regenerate bill or nose sensory corpuscles, increasing specialization
proceeds during evolution at the expense of regenerative potential. The primates probably cannot

regenerate sensory corpuscles de novo.
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Figure 5.1. From Boeke’s study of “regenerated” skin in the monkey.” A, Note that the central, previously
biopsided area, in the fingertip has not “regenerated” but healed secondarily by wound contracture. B. The
histologic section of this area shows not new skin but scar with sensory receptors transposed centripetally,
not regenerated de novo.

Figure 5.2. From Booke’s study of “regenerated” skin in man.’ Note the healed central area has done so by
secondary intention. Sensory corpuscles present in the histologic section of this area are pre-existing
corpuscles pulled centrally by the force of wound contracture
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Taste Buds
Werner' has reviewed the literature on the taste bud as a model of sensory receptor change
during embryogenesis, denervation, and reinnervation. It is relevant that the epithelial analage of
fungiform papillae in the rate develops prior to neural ingrowth into the tongue, and that these cells have
ultrastructure-size vesicles that may releae a trophic substance to guide gustatory axons. Normally, taste
buds are replenished on a weekly basis.'” As reviewed in Chapter 4, taste buds degenerate completely
following division of any cranial nerve carrying gustatory fibers. Repair of the divided gustatory nerve

results in taste bud regeneration.'® "°

(Additional discussion of taste buds studies is found later in this
“Chapter in the Cross Innervation” section.)
Skin Grafts

The extensive literature on the reinnervation of skin grafts and flaps was the closest the
researchers prior to the 1960’s came to the question of sensory corpuscle reinnervation or regeneration.
These studies attempted to answer two general questions: (1) By what anatomic pathway does
reinnervation occur, €.g., longitudinally via pre-existing neurovascular pathways or at random through the
edge of bed of the graft or flap. (2) Was that pattern of recovered sensation that of the donor or the
recipient environment e.g., would abdominal skin grafted onto the fingertip eventually recover sensation
more like the abdomen or like the fingertip? A corollary of the last questions was what type of sensory
corpuscle present in the graft is related to the recovered sensation? A review of these areas will lead
directly to the studies on the sensory end organs themselves. Aspects of these questions have been
reviewed recently by Jabaley™ and Terzis.*'

Several studies attempting to determine which type of soft tissue coverage recovered sensation
(touch, pain, temperature) earliest concluded that detached, distant pedicle flaps recovered sensation
earlier than grafts, and full thickness grafts earlier than split-thickness graft.”*>* Another study® reached
the opposite conclusion. The controversy begun in the 1930’s continued into the 1950’s with observers on
both the “flap first”**?” and the “flap last” side of the controversy. When viewed from today’s
perspective, many of the differing results of these studies were due to (1) the quality of the recipient bed,
(2) the time interval between injury and resurfacing and testing, (3) the testing techniques, and (4) the size
and location of test area (in small test areas, perception is often through areas adjacent to the resurfaced
areas). For example, in all of these studies on grafts, the donor sites were thigh and abdomen and the
grafts were transferred to the trunk, face, or extremities, but not to fingertips!! Flaps were abdominal and
transferred to the head and neck or hand’s dorsum or palm but not to the fingertips!! Defects were
frequently those with extensive deep scarring, such as burns. Thus, resurfacing tissue contained few, if

any sensory corpuscles, and resurfaced areas were those with a normally low innervation density. These
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2425 hevertheless

early observations, some of which are meticulous, monumental and truly classic,
contribute little to our understanding of sensibility in the hand or the reinnervation of sensory corpuscles.
The course which the regenerating axons followed into the graft or flap generally was agreed

223 observed that in detached pedicle flaps, sensation recovered first

upon. The earliest investigators
proximally, and proceeded distally, from the edges to the center, while in grafts the recovery was more
form’s peripheral to central. Later studies generally concurred regarding graft innervations®” >, with the
degree of sub dermal re-innervation being related to the conditional the graft bed.” Re-innervation nerve
axons from proximal bundles, where aligned with neurovascular bundles in the resurfacing tissue,

29,31 :
%31 The greatest number of axon sprouts, however, entered the resurfacing

followed them into the graft.
tissue randomly, at the periphery and sub dermally, and traveled randomly. The ether ended as free nerve
terminal, joined the cutaneous plexus of the resurfacing tissue, or, by change, re-innervated a sensory
corpuscle or hair follicle.***!

The classic studies by Hutchinson, Tough and Wyburn in 1949,* Ponten in 1960*°, and
Mannerfelt in 1962 established conclusively that transplanted soft tissue recovers, a sensory pattern
more like its recipient bed than its donor site if sufficient re-innervation occurs.

The influence of Moberg™ begins to be seen here, as Ponten’s” studies emphasized functional
recovery and recorded sensation in terms of two-point discrimination. Manerfelt’s comprehensive
sensory evaluation™ on 28 patients included not only two-point discrimination testing, but the pick-up
test, the coin test, and the ninhydrin test’>. Although Ponten®® reported examples of recovery of tactile
gnosis, Moberg and Mannerfelt have stated that skin grafts never recover tactile gnosis. Skin grafts
generally recover better sensation than flaps. (33) (This will be discussed further in the “Clinical
Implications” section, later in this chapter.)

In the decade of the 1970’s, histochemistry, electron microscopy, and sophisticated
neurophysiologic recording, techniques were applied to experiments similar to those done in the
preceding 40 years. Ridley®> biopsied human fingertips previously skin grafted with forearm skin in,
trauma patients. He observed no encapsulated ending, but did identify an occasional Merkel-like ending
in relation to an epidermal ridge. He noted the apparent paradox that the patient had two point
discrimination but no Meissner corpuscle. His results have been variously interpreted. I believe they
demonstrated: (1) that regeneration sensory axons do not form de novo encapsulated corpuscles (and
therefore this observation is consistent with the results of my work on the Meissner corpuscles;* (2) that
the observed Merkel disc may represent re-innervation of a Haarscheibe by a slowly-re-innervation of a
Haarscheibe by a slowly-adapting fiber (see “Cross Innervation” section); and (3) that presence of two-

point discrimination and Merkel disc is the appropriate correlation (see Chapter 3).
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Orgel, Aguayo, and Williams®’ studied the regeneration fiber population, observing an imbalance
in favor of many more small, myelinated fibers over the larger myelinated fibers. This altered ration
correlated with absent end-corpuscles in grafted rabbit ski. Terzis extended these observations by noting
a decreased conduction velocity in the regeneration population of axons entering the rabbit ear grafts.

Cellin and Caoli,” in long review, essentially have confirmed many of the observations
previously presented, as has a recent publications from Japan.* This latter report also documents the
reinnervation of hair follicles in grafted hairy skin.

In my opinion, if the resurfaced area is a fingertip, and if the resurfacing is done primarily on a no
scarred base, the perception of pain, temperature, and touch will be recovered first in the thin split-
thickness graft, then in full-thickness graft, and last in a flap. The degree of recovery of functional
sensation will be related to the innervation density of sensory corpuscles in the resurfacing tissue.

A separate but related question is whether the noninjured nerves in an area adjacent to the
receptive field of an injured nerve can sent axon sprouts into this injured nerve’s receptive field. This,
reinnervation would occur from normal adjacent nerves rather than regeneration axons of the injured
nerve. This question need not arise with the question of graft reinnervation because the nerves about the
periphery of the graft have all been injured. Weddell, Guttmann, and Guttmann*’ in 1941, using a rabbit
hind limb model and whole mount horizontal sections stained with methylene blue, concluded that into
adjacent denervated areas. Hoffman demonstrated similar finding for muscle, in the rat hind limb.
Adjacent normal axons sprouted to reinnervate a denervated motor end-plate*'. Livingstone reported two
cases were demonstrated by nerve block to have anomalous innervation?) By adjacent noninjured nerves,
I believe that the axons in the overlap areas of receptive fields can be either stimulated by a substance
released from the degenerating axon or are released from contact inhibition by the degeneration axons and
can extend into adjacent areas.

PACINIAN CORPUSCLE

In 1970, Wong and Kanagasutheram® made preliminary observations on the effect of crushing,
section, and ligating a primate (macaque) median nerve. Silver and histochemical staining techniques
were done on palm biopsies using the contralateral hand as a control in a total of three animals. At 40
weeks after nerve crush, there was just an occasional Pacinian corpuscle reinnervated. I infer from the
author’s lack of commentary upon long-term result of the ligation and section parts of their study, that no
reinnervated Pacinian corpouscles were identified. In the crush study (one nerve, crushed at the writs),
cholinesterase staining was “nil to moderate” in Pacinian corpuscles.

In 1972, Lowenstein** studied the physiology of Pacinian corpuscle in the cat mesentery. In six

cats the inferior mesenteric nerve was divided and “reunited” (autologous clot within a polycarbonate
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membrane sleeve). At 30 to 40 days after “union,” just eight of the 54 tested corpuscles in the
mesenteries innervated by these six nerves were mechano-receptive.

During that same time period, Kanagasuntheram’s group™® further evaluated this difficulty in
reinnervation the Pacinian corpuscle. This time they studied the ultrastructure of five corpuscles from the
middle finger of a primate (slow loris) 75 days after median nerve crush in the forearm. They observed
unremoved myelin debris and endoneurial fibrosis within the corpuscle’s inner core, “preventing”
reinnervation.

Jabaley* did not comment on Pacinian corpuscles in his biopsy study of human fingertips after
nerve repair.

The study by Krishnamurti and Kanagasuntheram® may be criticized. Although they studied
primates and employed excellent histochemical and ultrastuctural techniques, their experiment was poor.
In their earlier study™®, they evaluated potential reinnervation following nerve section (technique of repair
unspecified) and after ligation (regeneration theoretically may not occur at all) at the wrist with a palm
biopsy. They did not totally different this area where a palmar cutaneous nerve, originating above the
area of crush, or a musculocutaneous nerve might also be innervation the palm. In that study, the time
chosen for postinjury evaluation, 40 weeks, was appropriate for the injury-test site separation of a few
centimeters. The time chosen in their next study*’, however, was too short: the injury and test site were
now widely separated (forearm to fingertip versus wrist to palm), yet the time interval was just 10 weeks!
They observed alterations in the blood supply to the corpuscle, and this may explain the delayed
phagocytosis and fibrosis they found.

In summary, very little experimental work has been conducted on the reinnervation of Pacinian
corpuscles. The work reviewed above suggested that these corpuscles were reinnevated with difficulty,
probably because of mechanical factors. My own observation (see chapter 7) indicate that Pacinian
corpuscles are reinnervated in humans, but they are the last in the time sequence to be reinnevated.
Although “mechanical” obstruction may block axonal regeneration to the corpuscle, I feel the basis for
the above observations lies in the low probability of a regenerating axon making the proper peripheral
connection where the nerve fiber to receptor ration is 1:1 (see chapter 7).

Meissner Corpuscles

In 1970, Wong and Kanagasuntheram®, in the study described in the preceding section observed
“early” Meissner corpuscle “reinnervation” 8 weeks following a nerve crush several centimeters proximal
to the observation site. “The reinnervation of Meissner’s corpuscle forty weeks after nerve crush was
almost complete, but after nerve section (32 weeks) and nerve ligature (40 and 47 weeks) the process was
less complete” (silver stain). Both nonspecific and acetylcholinesterase staining reaction were normal,

with the latter having recovered normal staining characteristics first in the crush specimens.
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Jabaley et al.* observed “reinnervated” Meissner corpuscles in 12 of 17 patient fingertip biopsies
done an average of 24 months after nerve repair.

In a more detailed investigation of the effects of nerve repair upon the Meissner corpuscles, I did
fasicular reparis upon the median and ulnar nerves of a different primate hand (rhesus)*. Sequential
histologic studies including ultrastructual studies, were done up to 9 months after nerve repair, with the
contralateral fingertips serving as controls. Because of the lack of physiological or functional correlates,
cholinesterase stains were not employed. In addition to refining earlier observations, this study attempted
to determine whether a regenerating axon reinnervated a pre-existing but degenerating, corpuscle,
reversing this process, or whether the regenerating axon reached the epidermal region and induced de
novo Meissner corpuscles. The conclusion was that “in the rhesus monkey, axons of regenerating sensory
nerves reinnevate the denervated Meissner corpuscle... there was no evidence of Meissner corpuscles

regenerating de nov. “The results of that study follow and are reported and illustrated in greater detail.

Controls. The histologic sections of the preoperative biopsies of the control and operative
fingertips, as well as the contralateral fingertip controls throughout the postoperative period, contained
normal Meissner corpuscles as demonstrated by both connective tissue and nerve staining techniques.
The Meissner corpuscle showed segmentation into two to three lobules, each of which contained a
lamellar arrangement of plump cells or spaces with many collections of pink staining material believed to
be asoplasm. The nuclei of the lamellar cells usually were located peripherally. The entire Meissner
corpuscle was large and almost filled with dermal papilla on a section taken near the Meissner corpuscle’s
longitudinal axis( Fig. 5.3 A). On silver staining, at least one and usually three or more modulated axons
reached the Meissner corpuscle and arborized within it by looping between the lamellai. Axon endings
appeared as coils or sprays of fine twigs under the magnification employed (Fig. 5.4 A).

Two Days after Nerve Suture. In the sections stained for connective tissues, early signs of
degeneration were apparent; the lobular subdvisions were blurred, the usually distinct internal lamellar
pattern was obscured, and the collections of pink-staining material were less apparent (Fig. 5.3 A). With
silver staining, the axon terminals were no longer present, with the exception of a few argyrophillic
fragments (Fig 5.4 B). Dermal nerve trunks demonstrated Wallerian degeneration.

Four weeks after Nerve Suture. By both connective tissue and verve stain techniques, the
Meissner corpuscles in these control biopsies were denervated, demonstrating that the innervation to these
fingertips had been divided. Without successful nerve repair, progressive, Meissner corpuscle
degeneration could be expected.

Six Weeks after Nerve Suture. The Meissner corpuscles stained for connective tissue (Fig.5.3

C) showed more advanced signs of degeneration. There was some diminution in overall size and there
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were no lobulations or collections of pink-staining material, but rather the entire Meissner corpuscle was
bluish, flattened, ovoid, nearly devoid of internal architecture. The few detectable lamellar cells were not
plump. With the silver staining technique (Fig. 5.4 C), most were devoid of argyrophillic material, except
for the nuclei of lamellar cells; the entire Meissner corpuscle was pale. An occasional Meissner corpuscle
however had a thin axon inside. The dermal nerve trunks were now primarily empty endoneural sheaths,
although an occasional sheath contained a thin regeneration axon.

Three Months after Nerve Suture. With connective tissue staining, most of the Meissner
corpuscles appeared as they had at 6 weeks, after nerve suture, except that most of the Meissner

corpuscles were diminished in overall size (Fig.5.3D)

E

Figure 5.3. Reinnervation of denervated Meissner corpuscle. Mallory trichrome stain, x 160 4. Normal.
Other sections are the following intervals after nerve repair: B. 48 hours; C. 6 weeks; D, 3 months; E, 6
months; F, 9 months. See text for description,. (Reproduced with permission from A.L. Dellon: J Hand Surg
1:98-109, 1976°%).

The silver straining method demonstrated about one third of the Meissner corpuscle to be

aneuritic. The remaining Meissner corpuscles, however, definitely contained axons. These were single or



SENSORY CORPUSCLES AFTER NERVE REPAIR 85

multiple thin axons intertwined between the lamellar cell (Fig. 5.4, c). Most dermal nerve trunks
contained thick and thin regenerating axons.

Six Months after Nerve Suture. About 70% of all Meissner corpuscles contained plump
lamellar cells with collections of pink-staining material. Meissner corpuscles were increased in size and a
few Meissner corpuscles were lobulated (Fig. 5.3, E). With silver staining, about 80% of the Meissner
corpuscles contained axons, many of which were now of normal thickness (Fig.5.4. E). Dermal trunks

appeared to be normal.
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Figure 5.4. Reinnervation of denervated Meissner corpuscle. Silver stain, x160 4, Normal. Other sections are
the following intervals after nerve repair: B, 48 hours; C, 6 weeks; D, 3 months; E, 6 months; F, 9 months.
See text for description. (Reproduced with permission from A.L. Dellon: J Hand Surg 1:98-109, 1976.%%)

Nine Months after Nerve Suture. By both connective tissue and silver staining techniques,

virtually all Meissner corpuscles appeared normal, i.e., identical with the controls (Fig. 5.3, F and 5.4, F).
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About 5% of the Meissner corpuscles remained without signs of innervation, i.e., they showed
progressive denervation. Whereas the control biopsies contained one Meissner corpuscle every two to
three papillary ridges, the operated hand biopsies contained one Meissner corpuscle every two to six

papillary ridges, i.e., the Meissner corpuscle density following nerve suture was less than or equal to but
never more than the control values.
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Figure 5.5 Reinnervation of denervated Meissner corpuscle. Electron micrograph, x 15,000: 3 months after
nerve repair. Basal cells (B) are seen at top of dermal papilla. Note relative abundance of interlamellar
substance (S) and short contracted lamellar cell processes (L) that characterize the degenerating corpuscle.

But note the early reinnervation by the axon sprout (4). (Reproduced with permission from A.L. Dellon: J
Hand Surg 1:98-109, 1976.%%)

Electron Microscopy. Electron microscopy at 3 months after nerve repair demonstrated a

degenerated Meissner corpuscle in which new axonal sprouts were seen (Fig. 5.5). At 9 months after
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nerve repair, the Meissner corpuscle was indistinguishable from normal, with long, thin lamellar cell

processes ensheathing thick axon terminals (Fig. 5.6).

Figure 5.6. Reinnervation of denervated Meissner corpuscle. Electron microscopy, x32,000: 9 months after
nerve repair. Advanced reinnervation demonstrated by thick axon terminations (4) being ensheathed by
lamellar cell processes ().

MERKEL CELL-NEURITE COMPLEX
During investigations into the function of his “touch corpuscle” in the cat, lggo*” observed the
effect of crushing the saphenous nerve. The corpuscles degenerated progressively. By 16 to 20 days after
nerve crush, axonal branches reappeared among the capillary tufts and dermal papillae that represented
the former touch corpuscles. By 25 to 30 days after crush, tactile cells are present again, and by 100 days
the “tactile corpuscles appeared normal.” By 30 days after the crush, mechanostimulation of the

corpuscles and electrical recording from the saphenous nerve demonstrated that a low threshold slowly-
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adapting fiber/receptor system had been reestablished. (A low-threshold, quickly-adapting fiber/receptor
system — the hair follicle — also was re-established.) This report was in the form of an abstract in the

Proceedings of the Physiological Society in 1963 and received scant attention.

Figure 5.7. Reinnervation of denervated Merkel cell-neurite complex in the cat touch-pad. Following nerve
crush, the degenerated Merkel cell-neurite complex becomes reinnervated and histologically is
indistinguishable from normal (for comparison see Fig 4.7.). (Reproduced with permission from Burgess et
al.: J Physiol 236:57-86, 1974.%)

A decade later, Burgess and Horch et al.***

reported a series of carefully controlled
neurophysiological and morphological investigations into the touch dome fiber/ receptor system of the
cat. Sural nerves were repaired and single unit recordings done after regeneration. These recordings were
compared to the preoperative control recordings and dome population locations. Nineteen percent of
control fibers were type I alpha fibers, innervating touch domes. The average fiber innervated two to four
domes. Of the 445 regenerated fibers studied, just 11% were type I alpha fibers. Their mean conduction
velocities were unchanged. Rates of adaption to maintained deformation were unchanged. The only
difference observed was that the regenerated fiber innervated just one dome, and its peripheral receptive
field, instead of being confined exclusively to the dome, extended to the skin immediately surrounding
the dome®(Fig. 5.7).

Burgess and Horch’s next investigations*® attempted to learn whether the pattern of domes
following nerve repair was similar to that following nerve crush. The skin of the posterior thigh and the
femoral cutaneous nerve was studied. Dome patterns were tattooed with ink under 25X magnification,

and drawings made of the patterns. The femoral cutaneous nerve was electrically recorded, while this

mapped area was tested to be sure no touch domes had been missed. One year later, the cats were studied
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again. Each touch dome was stimulated and the femoral cutaneous nerve recorded to demonstrate that the
dome was actually innervated by that nerve. Control observations on dome “stability”” demonstrated 870/0
of domes were in the identical position in which they had been observed 4 months previously. When
touch domes that had been tattooed directly were evaluated, a 91 to 95% “stability” of the population was
found. In the nerve crush study, one animal, retested 689 days after nerve crush, had all femoral
cutaneous domes in the original femoral cutaneous field, while all other domes were outside the field
(Fig. 5.8). Following nerve transection in five animals, the areas were retested between 393 and 1010
days after the surgery. The average preoperative field had 69 domes, the average postoperative field had
46. But in one field, there were actually more domes postoperatively (50 before versus 76 after).
Eliminating this animal, the average animal recovered just 51% of its domes. Only 71% of the domes
present at the postoperative test, however, were innervated by the regenerated femoral cutaneous nerve!
This suggested that new domes had appeared due to activity of adjacent cutaneous nerves. Many of these
new, non-coincidental domes were part of a “cluster.” These clustered domes were smaller, had a closer
inter dome distance, and frequently the domes in the cluster were innervated by more than one nerve.
These “new” domes had normal morphology by light and electron microscopy. The most recent study
utilizing the cat touch dome model from the University of Utah Physiology Department, extends the
analysis to the relationship of individual nerve fibers to their touch domes.’® In the nerve crush type
experiment, virtually all nerve fibers regenerated to the same two to four touch domes originally
innervated (Fig. 5.9). In the nerve transection experiment, an average of only 60% of the fibers
regenerated and each fiber reinnervated only half the number of previously innervated domes (Fig.5.10).
The dome to fiber ratio after nerve transection dropped from 2.6 to 1.3. The overall number of

reinnervated domes was 35% of the original number.
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Figure 5.8 Reinnervation of denervated Merkel cell-neurite complex in the cat touch-pad. Following nerve
crush, the pattern of touch domes originally present (B) is almost completely recovered (4). in 4, 4’ and B’ is
an overlay of the regenerated pattern onto the preoperative pattern of two separate cats, 4 and B. The
nontemporal cutaneous nerve was the nerve crushed. (Reproduced with permission from Burgess et al.: J
Physiol 236:57-86, 1974.%)
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Figure 5.9. Reinnervation of denervated Merkel cell-neurite complex in the cat touch-pad. Individual nerve
fiber recordings before (4) and after (B) nerve crush demonstrate that not only are patterns of domes almost
identical postregeneration, but also the relationship of individual fibers to touch domes is almost identical
post-regeneration. . (Reproduced with permission from K.Horch: J neurophysiol 42:1437-1449, 1979°°)
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Figure 5.10. Reinnervation of denervated Merkel cell-neurite complex in the cat touch-pad. Crush versus
nerve division. Note difference in number of recovered domes (just 23%) and number of fibers (40%)
relating to domes in B versus A (crush versus normal) and C versus 4 (division versus normal). (Reproduced
with permission from K.Horch: J Neurophysiol 42:1437-1449, 1979%°)

In summary, it is clear that in the cat, the Merkel cell-neurite complex recovers virtually
completely after nerve crush and to a lesser extent after nerve repair. The high coincidence between the
location of the recovered touch dome and its location prior to nerve injury and the relationship between
the regenerating fiber after transection and the dome it reinnervates after nerve transection, suggest a
specificity in the pattern of the end organ recovery. In the cat, by 1 month, the renervated dome
essentially “disappears” including the apparent loss of the Merkel cell. In the nerve crush study, the 100%
coincidence pattern reflects the rapid regeneration of axons to the periphery before the complete
degeneration of domes and therefore 100% complete reinnervations. In the nerve transsection studies, the
slowly regenerating axon has no end organ left to reinnervate. To explain the coincidence of recovered
domes in this case, an “intrinsic specificity” may be hypothesized, in which only certain areas of the skin
can differentiate into domes. Axons regenerate down the pre-existing Schwann tubes to the periphery
area, and via some “trophic” influence this specific area is induced to form another dome. This is a
borderline position between reinnervation of a denervated structure and “de novo ™ origin of the end
organ. (Burgess et al.*’ rejected the de novo hypothesis because they found domes recovered in areas of
previously excised domes following nerve transections. However, they, as Boeke before them, failed to
realize that wound contracture could have pulled an area of “intrinsic specificity” into that excised area.)
The alternative hypothesis, “extrinsic specificity” which Burgess et al.*’ favor, implies that a regenerating
axon can induce a dome anywhere. This seems to me, at least in primate glabrous skin, to be untenable. If
this hypothesis were so, the number of recovered domes in each of their animals should have been near
100%, with simply a low coincidence. They found the opposite: only half the original number of domes
recovered and among these recovered domes the percent coincidence was high (average 63%). I believe

these results in cat hairy skin are compatible with “intrinsic specificity.”
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One additional finding from Burgess et al.*’ deserves comment. Recovered touch domes were
found within the peripheral field of the regenerating femoral cutaneous nerve fibers that were not
innervated by the femoral cutaneous nerve. They suggested that axons “sprouted” from adjacent nerve
territories to account for this. This is consistent with the earlier discussion in this chapter and previous
observations.****

In primate, glabrous skin, the analog of the touch dome, the Merkel cell-neurite complex is found
only beneath intermediary ridges. The time course of degeneration following nerve division in primates
has not been documented, but, extrapolating from the above, the Merkel cell-neurite complex probably
degenerates more quickly than the Meissner corpuscle. Therefore, it would less likely be present to be
reinnervated by a regenerating axon. Since we know that constant touch is recovered following nerve
repair, we may assume, in the absence of any previous documentation, that Merkel cell-neurite complexes
are reinnervated after repair. We feel the “intrinsic specificity” theory is consistent with this observation,
in that a regenerating slowly-adapting fiber emerges from the sub-papillary plexus and moves Hat
random” toward the epidermis. Trophic factors, either from the once apparent Merkel cell, or from the
axon, or both, result in the regeneration of this fiber/receptor system in the specific regions about sweat

ducts in the intermediate ridge. (For further discussion of trophic neural mechanisms, refer to Werner'

and Drachman’' reviews.)

CROSS-REINNERVATION STUDIES

Among Cross-Reinnervation Studies the intriguing questions of sensibility is whether a nerve
fiber that once innervated one type of sensory end organ could innervate a different type of sensory end
organ and result in a functional fiber/receptor system; if it could, which function, that of the fiber or of the
end organ, would result? I feel that this question has never been answered clearly. [ will review the few
types of studies that have been done, suggest explanations for their results based upon the
neurophysiologic and morphologic principles developed so far in this text, and suggest some definitive
avenues of investigation.

One of the earliest studies demonstrated an interaction between the central neuron of a
regenerating axon and the distal Schwann sheath into which it was regenerating.’* Ventral rami of spinal
nerves, containing large myelinated fibers in the rabbit, were sutured distally to the anterior mesenteric
nerve, which had contained small unmyelinated fibers. Small myelinated fibers appeared following the
nerve repair. Suture of the ventral rami to the greater sphlanic nerve, which had contained small
myelinated fibers, resulted in regenerating axons of intermediate thickness and myelinated. Thus, the
neuron and its regenerating axon could induce myelination by the Schwann cells distally and even cause

some enlargement of the endoneural sheath, while the sheath, in general, did restrict regenerating axon
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diameter below normal. The first clinical experiment was war-inspired and involved transferring the
proximal radial sensory nerve into the distal median nerve at the level of the wrist for irreparable median
nerve loss™ Turnbull® reported four clinical cases, three of which were nerves repaired by the fibrin clot
technique of Tarlov. The patients had their final reported evaluation at 16, 29, 34, and 52 months,
respectively, after nerve transfer. All regained the perception of pain, temperature, and sudomotor
function (sweating). The two patients followed the least amount of time could not perceive “touch.” In alt
point localization was poor. In all, most stimuli were interpreted as being from the radial innervated area,
although some central transfer had occurred. Recently, Chacha et al** reported results of this operation in
six monkeys: two had the superficial radial sensory, two had dorsal ulnar sensory, and two had both
nerves transferred into the distal median nerve in otherwise deafferented hands. At 3 weeks, the animals’
median nerves and thumb and index fingertips were biopsied. They were stained with specific and
nonspecific cholinesterase, as well as silver staining. Reinnervated Meissner corpuscles were observed
and their cholinesterase staining reaction (specific and nonspecific) were normal. Reinnervation occurred
in the two monkeys in whom both nerves were transferred into the distal median nerve. No observations
were made on Merkel cell-neurite complexes, Pacinian corpuscles, or dermal nerve networks. No single
unit nerve recordings were done.

One of the most frequently cited references is Lowenstein’s** in which the proximal segment of
the greater sphlanic nerve of the cat was “united” with the distal segment of a transected inferior
mesenteric nerve in the cat. The “autonomic nerve” regenerated distally along the mesenteric axonal
sheaths and subsequent histologic evaluation of the Pacinian corpuscles demonstrated that about one third
had been reinnervated. These corpuscles, when given mechanostimulation, were demonstrated by single
unit neurophysiologic analysis to function like the normally innervated Pacinian corpuscle.

More recently, Paul, Merzenich, and Goodman™ * have reported a series of studies in which the
brain’s somatosensory area, the postcentral gyrus, was mapped in terms not only of individual finger-area
representation but also of slowly- and quickly-adapting nerve fiber/receptor systems in the monkey. A
duplicate hand representation (as discussed in more detail in Chapter 3) was found (Fig. 5.11). One area
(Brodmann’s area 1) on the rostral surface of the postcentral gyrus had very few slowly adapting
fiber/receptor spots (5%), whereas the other area (Bradmann’s area 3) on the posterior bank of the central
sulcus had a much higher percentage (56%) of these. In six monkeys, then, median and ulnar nerves were
transected, and sutured, to their own respective ends, utilizing an 8-0 nylon, microsurgical (presumably
epineural) repair. Although not a cross-union of nerves as described above, regenerating median (for
example) axons did regenerate down a significant number of different endometrial sheaths. Cortical
mapping after nerve regeneration demonstrated a significant number of multiple field responses, not seen

in the control hemispheres (Fig. 5.12). Thus, there were central neurons following nerve regeneration that
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could be stimulated by more than one peripheral receptive field (heterogenous submodalities). This mixed
input was presumed due to “cross regeneration at the periphery.” Of note is the greater incidence of
multiple field responses in area 1 (rostral surface where 95% of responses are normally quickly-adapting)
than in area 3, 31% versus 11%. There was also an absolute decrease in the number of slowly-adapting
responses in area 3 from 56 to 28% while there was no significant change in percentage of quickly-
adapting responses in area 1.

The most recent approach to cross-regeneration again comes not from suturing different
peripheral nerves together but from comparing the neurophysiologic properties of regenerating fiber
groups. The data of Dykes and Terzis”’ suggest that following nerve crush, a regenerating axon, by means
of its multiple sprouts, may still enter two separate peripheral receptive fields, each of which has a
different response characteristic (see Fig.12.12). This peripheral nerve single unit data is exactly
analogous to that described by Paul et al.* as central multiple field responses of the heterogenous

submodality type.

AFTA 3

Figure 5.11 Dual representation of hand in sensory cortex. 4, The sensory cortex, the postcentral gyrus, is
posterior to the dark line, the central sulcus. The area of the gyrus within the sulcus is Brodmann’s area 1. B.
With the sulcus surface imagined as opened p area 1 and area 3 are seen as dual hand areas. Area 1, however,
was found to have mostly slowly-adapting receptors (56%). (Reproduced with permission from R. L. Paul et
al.: Brain Res 36:229-249, 1972°)

Other examples of cross-innervation include the classic taste bud studies. Cranial nerves carrying
gustatory fibers could induce taste buds following cross-innervation, whereas nongustatory cranial nerves,
autonomic nerves, and somatic sensory or motor nerves could not.'®>® While these studies seem to
demonstrate the absolute requirement of the specific axon, tongue germinal epithelium will develop taste

buds when transplanted to the eye’s anterior chamber.” McLachlean, et al.”* noted that denervated
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skeletal muscle is reinnervated at the site of the old (degenerated), motor end-plates. Bennett et al.®’
pursued this work using avian muscle. The fast muscle fibers were associated with “en grappe” type
endings at the motor end-plates, while slow muscle fibers were associated with “en plaque” type. In the
crossed nerve studies, regenerated fast muscle fibers grew into the slow muscle and formed “en plaque”
type endings. Regenerating slow muscle nerve fibers grew into fast muscle and “en grappe” endings were
found.

We may now try to infer the answers to the questions (1) can, for example, a regenerating axon
from a slowly-adapting fiber/ receptor system reinnervate a different type of receptor, for example, a
Meissner corpuscle, and, if it can, (2) will it function as a slowly- or as a quickly-adapting fiber/receptor
system? The studies reviewed suggest that for the fast/slow muscle groups, for the myelinated/
unmyelinated axons regenerating into distal unmyelinated/myelinated sheaths and for taste bud systems,
there is a mutual influencing of the cross-innervating structures. Taken together, these studies suggest that
a regenerating axon can reinnervate a different type of end organ. The results of the studies on response
characteristics of regenerating fiber populations and on cortical neuron responses after peripheral nerve
regeneration suggest that the reinnervated end organs that were cross-innervated do function. I interpret
the available data to mean that the function is determined by the end organ’s original function.

The results of many of the studies referred to earlier may be better explained or reinterpreted by
applying the neurophysiological correlates developed previously in this text. For example, Lowenstein’s
cross-innervation study is usually quoted as demonstrating that a receptor can be reinnervated by a
different type of axon and yet function without change.** Actually, only one-third of the Pacinian
corpuscles were reinnervated by the nerve that originally innervated the bladder. Was this because the
results of the nerve “union” were poor, allowing only one-third of the axons to regenerate successfully?
Alternatively, we know that the bladder innervation contains fibers that respond to stretch, relay muscle
tone, etc. Is it not possible that some of these fibers are quickly-adapting and that these fibers reinnervated
the Pacinian corpuscles and reproduced the functioning fiber/receptor system? If so, then Lowenstein’s

study did not demonstrate what it is usually cited as having shown.
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Figure 5-12 Central manifestation of cross-regeneration of peripheral nerve fibers. Median and ulnar nerves
were transected and repaired. Central responses were later recorded by stimulating peripheral receptive fields.
In both Brodmann’s area 1 (4) and area 3 (B) the experimental hemispheric recordings (right side of
diagram) demonstrated cortical neurons that responded to more than one peripheral field and were of both the
slowly- and quickly-adapting response type. (Reproduced with permission from R. L. Paul et al.: Brain Res
39:1-10, 1972.5%)

The clinical cross-innervation studies of radial into median nerve showed overall poor recovery
of functional sensation. Protective sensation was recovered. The relatively few fibers in the radial sensory
branches were distributed to the entire median nerve territory. This had to result in too low an innervation
density for tactile localization, no less discrimination. The free nerve endings, subserving pain and
temperature, successfully reached the periphery, and needing no end organ, re-established protective

sensation, albeit with false localization (stimuli referred back to the dorsoradial skin). The experimental
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cross-innervation studies of radial plus dorsal ulnar sensory into median provided a greater number of
regenerating axons, and histologic confirmation of a sensory end organ reinnervation was achieved. The
functional significance of this is unknown because the cholinesterase series of staining techniques is
unrelated to sensory perception.

There are examples, however, of cross-finger flaps transferring dorsal skin, recovering good
functional sensation when transferred to the (volar) fingertip.”> How can this be explained? I believe that
“hairy skin” has receptors (the hair follicles) that can be reinnervated by glabrous skin’s quickly-adapting
fibers and Haarscheibe, or follicles with a Merkel cell-neurite complex, that can be reinnervated by
glabrous skin’s slowlyadapting fibers to form functional fiber/receptor systems. Conversely, I believe that
the quickly-adapting fibers that innervate hair follicles, and the slowly-adapting fibers that innervate
Haarscheibe (or Merkel cell-neurite complexes about hair follicles) in the hairy skin, could reinnervate
Pacinian/ Meissner corpuscles or Merkel cell-neurite complexes, respectively, in the cross-innervation

radial-to-median studies.

Figure 5-13 Monkey skin graft/flap study: 4. Volar full thickness skin grafts were exchanged between the
thumb and index finger. A hypothenar flap was done on the little finger. B. Dorsal view of the dorsal cross-
finger flap from the middle finger to the ring fingertip. There is a forearm skin graft on the middle fingertip
and dorsal flap donor site.

The radial nerve to median nerve cross-innervation provides the perfect model for experimental
investigation of these problems. I suggest that all radial sensory fibers be sutured to the volar digital
nerves to a single finger. This maximizes the possibility that the fibers of the sensory radial nerve, which
are- fewer than the total number of sensory fibers in the median nerve, will have an innervation density
sufficient to reinnervate the dense population of sensory receptors in the fingertip. Prior to fingertip
biopsy, and obtaining light and electromicroscopy, single unit nerve recordings can be obtained from the

sensory radial nerve at the wrist. This regenerated fiber population can be compared to the normal radial
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sensory and median sensory population. Peripheral rnechanostimulation should incorporate moving and

constant touch, as well as vibratory stimuli.

Figure 5-14 Monkey skin graft/flap study. 4. Volar cross-finger flaps were done from the middle finger to
the index fingertip, and from the ring finger to the thumb. B. Completed procedure showing also the
hypothenar flap to the little finger.

Figure 5-15 Monkey skin graft/flap study. The monkey’s hand was protected with a cast of acrylic poured
over plaster (Reproduced with permission from A. L. Dellon and R. E. Terrill: Hand 8:165-166, 1975.”!
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Figure 5-16 Monkey skin graft/flap study. Sensory end organs were best preserved in flaps where they were
protected relatively from ischemia. 4. Note row of innervated Meissner corpuscles (Silver stain, x16) B. Note
early reinnervation of two Meissner corpuscles and Merkel cell-neurite complex (Silver stain, x300) both are
from a volar cross-finger flap in monkey biopsied 4 months after flap inset.
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Figure 5-17 Monkey skin graft/flap study: The volar (glabrous) full thickness skin graft had excellent
reinnervation of the dermal nerve networks (4 and C),but the ischemic period before graft “take” resulted in
significant, probably irreversible, loss of end organs. Note the “ghost” Pacinian (4) and “ghost” Meissner
corpuscle (B). There was partial reinnervation of some remaining Meissner corpuscles in these biopsies taken
4 months after the graft (C) (Silver stain, x150).
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Figure 5.18. Monkey skin graft/flap study: Dorsal finger skin contains Meissner-like corpuscles and hair
touches (Trichrome stain, x64)

CLINICAL IMPLICATIONS

What is the ideal soft tissue resurfacing material for the fingertip? The results of this review
suggest the following approach to this problem. Since normal fingertip sensory function requires the
presence of peripheral mechanoreceptors capable of high fidelity transduction of sensory stimuli, it
becomes clear that sensory axons must not only regenerate in maximum numbers into the donor tissue but
also must reinnervate a suitable mechanoreceptor. There is no evidence that human mechanoreceptors,
e.g., Meissner corpuscles, regenerate de novo after an axon regenerates into the dermis. To provide
optimal potential for sensory recovery, the before, it follows that the donor skin must contain the suitable
mechanoreceptors. This implies that skin most resembling fingertip skin should be used. Such skin, i.e.,
hairless (glabrous) skin containing papillary ridges, is found only on the palm of the hand and fingertip
and the sole of the foot and toes. A close approximation of this skin is dorsal fingertip skin which has
modified papillary ridges and contains an occasional Meissner corpuscle.® *

I propose the following hypothesis: The highest potential for recovery of normal sensation is
provided by skin with papillary ridges and the highest density of mechanoreceptors, i.e., distal glabrous
skin. This hypothesis can be tested indirectly by reviewing the reported clinical experience with the
treatment of fingertip injuries. The poorest recovery of sensation is found with distant pedicle flaps, e.g.,

abdominal and pectoral donor sites. Perhaps slightly better, but still poor, sensation is recovered when
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forearm or thigh thick split-thickness grafts are used. The best results are achieved with local pedicle
flaps, e.g., thenar, hypothenar, and dorsal cross-finger flaps.>>®*" A recent report using dorsal cross-
finger flaps combined with a program of sensory re-education (see Chapter 12) has resulted in recovery of
virtually normal sensation subjectively and by two point discrimination testing. With smaller pulp losses,
of course, virtually normal sensation has been recovered using split thickness skin grafts® or conservative
management.®’ In these cases, the normal skin surrounding the injury ultimately becomes the re-surfacing
“donor” tissue, by wound contracture is the latter case and by “graft” contraction in the former. The
myofibroblast is probably at the “bottom” of both these processes and the distinction is probably already
archaic.

Further support of the hypothesis that the degree of functional sensation recovered is proportional
to the density of mechanoreceptors in the donor tissue comes from Kleinert’s study.®” With dorsal cross-
finger flaps, 90% of his youngest patient group (6 to 13 years old) recovered less than 6-mm two-point
discrimination in contrast to just 40% of his oldest patient group (greater than 40 years old). I presume it
is more than coincidence that this result parallels the decline in sensory end organ density with increasing
age: the Meissner index (density of Meissner corpuscles) in the fingertip is more than twice as high in a

population less than 15 years old than it is in a population greater than 40 years old.”
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Figure 5.19 Monkey skin graft/flap study: This partially reinnervated specimen permits statement that the
pink component of the trichrome stains axoplasm. Reinnervated (4) and noninnervated (B) Pacinian
corpuscle (4, Silver stain; B trichrome stain; x 64)

In 1975, while a Clinical Associate in the Surgery Branch of the National Cancer Institute,
National Institutes of Health, I designed a series of grafts and flaps in monkeys to test the effect of
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ischemia and axonal regeneration upon the sensory end organ population. The study has remained
unpublished because time constraints have prevented the necessary detailed evaluation of the thousands
of serial sections. In two monkeys, the operations consisted of: (1) full thickness volar skin grafts
switched between thumb and index finger; (2) dorsal cross-finger flap from middle finger to ring
fingertip; (3) hypothenar flap to little finger; and (4) forearm skin grafts to flap donor site on middle
finger dorsum and to middle fingertip (Fig. 5.13). In two more monkeys, the operations were: (1) volar
cross-finger flaps from middle to index finger and ring finger to thumb, and (2) hypothenar flap to little
finger (Fig. 5.14). Flaps were’ divided and inset at 3 weeks and were protected until that time in acrylic
casts’' (Fig. 5.15). This study demonstrated reinnervation of the dermal nerve networks in both grafts and
flaps (Figs. 5.16 and 5.17). No Meissner or Pacinian corpuscles or Merkel cell-neurite complexes were
identified in forearm skin grafted to the fingertip, although hair follicles were reinnervated well. None of
these sensory end organs were identified in dorsal finger skin transferred to the fingertip, although hair
follicles were reinnervated. An occasional Meissner-like structure was identified as well as subpapillary
plexus nerves in search of end organs beneath the hairy skin epidermal ridges (Fig. 5.18). Perhaps of
greatest consequence were the two following observations: (1) the volar cross-finger flap was the best
reinnervated, with the best preservation of pre-existing sensory end organs (Fig. 5.16); and (2) the
glabrous skin grafts demonstrated ischemic damage to the sensory corpuscles (ghost Meissner and
Pacinian corpuscles) with poorer reinnervation than the volar cross-finger flap (Fig. 5.17) .One partially
reinnervated, serially sectioned specimen allowed the following confirmation of my earlier suspicion®® "
that the pink-staining component in the trichrome stain identifies axoplasm (Fig. 5.19).

In summary, the preliminary results of this monkey skin graft/flap study demonstrated that skin
containing sensory end organs is the best resurfacing material, and that a local flap of this tissue permits
greater end organ survival than a full-thickness graft, presumably because the end organs are relatively

protected from ischemia. Applications of these concepts are illustrated at the end of Chapter12.
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