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CHAPTER 1

I N T R O D U C T IO N

ANATOMY

Axons, Gila, and Keurolemma Cells
Axons of the peripheral nervous system are 

always ensheatiled, some with myelin and neurolemma 
sheath, others with the latter covering only. Nerve 
fibers possessing both coverings are spoken of as 
myelinated. Fibers of the peripheral nervous system 
surrounded by only the neurolemma sheath are called 
unmyelinated. It has been reported by Duncan (’34), 
after observations of the dorsal and ventral spinal 
nerve roots of the rat, cat, cow and pigeon stained 
with osmium tetroxide or pyridine silver, that there 
exists a critical axis cylinder diameter, between 
1-2 m , above which the cylinder is myelinated and 
below which it is unmyelinated. Schwarzacher (154) 
from his studies on various human motor and sensory 
nerves, found that the relation of axon diameter to 
total diameter of myelinated fiber was constant and 
had a lower limiting value of 0.30. He concluded 
that myelinated fibers are a group quite distinct
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from unmyelinated f ib e r s .

It has long been known that myelin sheaths 
exhibit a structure known as the neurokeratin net
work, (Schaeffer >02). Wore recently Shanthaveerapa 
and Bourne (*62a, ’62b) have described how in mye
linated nerves cut in cross-section the neurokeratin 
appears as bands extending radially from the axolemma 
to the outer edge of the myelin sheath. Longitudinal 
sections of these nerves give the “herring-bone effect" 
in which bands again are seen to extend from axolemma 
to the outermost edge of the myelin. Enhancement of 
this arrangement results after lipoidal extraction of 
osmium tetroxide fixed nerves.

One hypothesis of myelin formation in the 
central and peripheral nervous systems postulates 
that myelin is the concentric apposition of glia or 
neurolemira cell membrane, (Geren 1 54; Peters 160a,
160b, 164) . Geren ( 154) has reported that the 
Schwann cell by means of concentric wrapping forms 
layers about the axis cylinder in the developing 
peripheral nerves of chick embryos. Disappearance 
of the cytoplasm from between the layers of plas
ma lemma forms the thick myelin coat of nerves seen 
in the light microscope and the myelin lamellae seen
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with the electron microscope. Similarly in myelinated 
nerves of the central nervous system, the myelin sheath 
is formed by glial cell processes encircling the axis 
cylinder, (Maturana 160, Peters ’60a, 160b, 164).
De Robertis, Gerschenfeld and Wald (158) described 
oligodendrocytes as the myelinating cells of the 
central nervous system.

The myelin sheath ha s a definite lamellar 
structure. Dense lines alternate with the lighter 
intraperiod lines in the sheath. The dense lines are 
the apposed inner, (i.e. cytoplasmic), surfaces of the 
myelinating cell plasma lemma, while the intraperiod 
lines are a result of the apposition of the outer sur
faces of the myelinating cell membrane, (Peters 160a,
160b). Radial bands in the myelin of central and 
peripheral nerves can be seen with the electron micro
scope, (Peters 161). These are series of thickenings 
of the intraperiod lines extending wholly or partly
the width of the myelin sheath. The intraperiod line

o oincreases in width from 20-30A to 40-50A and this
oincrease in width extends from 60-90A along the intra

period. line. In central nervous system fibers radial 
banding occurs most commonly at: points where cyto
plasm is present in the outer spiral of the sheath,
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especially at the region of the "tongue process," points 
of contact along the outer surfaces of adjacent myelin 
sheaths, and the proximity to the internal mesaxon,
(Peters 161).

lamellae of myelinated fibers are not always 
completely devoid of myelinating cell cytoplasm. 
Occasionally, pockets of cytoplasm occur within the 
ensheathing myelin; this is especially prominent at the 
nodes, (Crosby et. al. 162, Malhotra and Van HarreveId 
165). Some myelin sheaths, especially in young animals, 
exhibit only a loose spiral arrangement of the encirc
ling cell with much cytoplasm found between spirals, 
(Maturana 1 60) .
Motor Terminations

Nerve fibers are classified as motor or sensory 
depending on whether they conduct orthodromic potentials 
away from or towards the central nervous system. Somatic 
motor nerves have their endings in the somatic muscu
lature of the body. These nerves terminate on extrafusal 
and intrafusal muscle fibers.

In mammals the majority if not all of the alpha 
efferent nerve fibers end on extrafusal muscle fibers 
to form the nervous component of the motor endplate, 
(Hinsey *34b, Tiegs '53, Matthews 164).



The motor endplate is characterized by its
anatomical pattern and the enzymatic reaction at the
neuromuscular junction. The nerve fiber loses its
myelin sheath as it nears its termination on the
muscle fiber. The axon covered by the Schwann cell
begins to branch and the terminal branches have one
or more bulbous expansions. Small depressions in the
muscle fiber occur at the sites of synapse and each
bulbous expansion of the nerve terminal fits in a
small depression on the muscle fiber. There are many
synaptic gutters in each depression beneath a terminal
expansion of the nerve fiber. These synaptic gutters
give a characteristic staining appearance with choline
terase or methylene blue and have been called the
subneural apparatus. Mitochondria, tubules, and
vesicles are abundant in the cytoplasm of the nerve

o
terminals. A gap of 500-700A separates the neuroplasm 
from the sarcoplasm, (Goers and Woolf *59; Schwarzach- 
er '57b).

Cole (151) using gold chloride has made a 
comparative study of motor endplates of the fish, frog 
snake, rat, rabbit, end cat. With minor variation of 
the size and shape, the motor endplates of the fish, 
snake and mammals were similar. Those of the frog



differed in that, though the fibers ended in terminal 
arborization, there was no well delimited endplate. 
According to Goers and Woolf ('59) motor endplates of 
mammals show striking species difference when vitally 
stained with methylene blue or for cholinesterase 
activity. They believe a significant functional dif
ference is implied by the variable disposition of the 
synaptic surfaces in different species.

A muscle fiber may have more than one motor 
endplate. Kupfer ('60) has used cholinesterase local
ization to demonstrate that in man the majority of 
extraocular muscles have more than one motor endplate 
for each muscle fiber. He was not able to tell 
whether all the nerves to the endplates of a single 
muscle fiber were from a single nerve fiber or from 
different ones. Extrafusal muscle fibers of the 
tibialis anterior muscle in the dog were examined by 
Walker (*61) to determine the number of motor endplate 
on a single muscle fiber. No muscle fiber examined 
had more than two motor endplates, but about five per 
cent of the muscle fibers did have two endplates. lie 
does not consider this frequency to be random or 
accidental.

Normal somatic muscles have a definite pattern
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of distribution of the motor endplates which differs 
from muscle to muscle, (Goers and Woolf ’59; Schwar- 
zacher ’57a). Supposedly, the motor point of a 
muscle is that area where this concentration of end- 
plates occurs, (Walthard and Tchicaloff ’61).

The neuromuscular spindles found in somatic 
muscle likewise receive motor innervation, (Kuffler, 
Hunt and Quilliam *51). Nerve fibers known as gamma 
efferent fibers, to the intrafusal muscle fibers are 
of smaller diameter than the alpha efferent nerve 
fibers to extrafusal muscle, (Matthews ’6I4., Barker 
’62).

Goers (* 62) has demonstrated motor endings 
on intrafusal muscle fibers of the rat, cat and human 
by histochemical localization of cholinesterase and 
vital staining with methylene blue. He states that 
motor endings occur on intrafusal muscle fibers along 
their entire length except for a distance in the equa
torial region of the intrafusal fiber corresponding 
to the area occupied by the annulospiral ending. He 
has found three ending types: those from medium sized 
fibers forming branched endings and resembling motor 
endplates, those from small or medium sized fibers that 
are unbranched, and those from small fibers forming
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extensive and loose arborizations.
Boyd ( 161) claims that in the cat there are 

two different types of gamma efferent fibers, gamma ̂ 
and gamma£. The former innervate nuclear-bag intra
fusal muscle fibers; the latter, nuclear-chain intra
fusal muscle fibers, (see also Matthews 162). Other 
evidence lias been compiled to support this. Pascoe 
(•58) has recorded two types of gamma efferent firing 
patterns in the nerve to the soleus and gastrocnemius 
muscles in the rabbit. Kupfer (160) studying patterns 
of cholinesterase localization in human extraocular 
neuromuscular spindles, concluded there appear to be 
two types of motor nerve endings on the intrafusal 
muscle fiber. However, he suggests innervation may 
be from both alpha and gamma efferent nerve fibers 
rather than by a subdivision of the gamma efferents 
alone. Hess ( 161) has used cholinesterase staining 
to show that both rat and mice intrafusal muscle 
fibers have two types of efferent nerve terminals.
One type is a discrete motor endpla te which occurs 
near the poles of the intrafusal muscle fiber. A 

diffuse multiterminal ending is located more adjacent 
to the equatorial region. The latter type of ending 
is seen more frequently and both the discrete and
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diffuse nerve ending occur on a single intrafusal 
muscle fiber. Boyd and Davey (162) demonstrated two 
separate gamma efferent fiber types, gamma thick and 
gamma thin, in de-afferented cat nerves to muscle.
They believe that these may be the stem fibers of the 
gamma^ and gamma^ nerve fibers seen innervating in
trafusal muscle fibers. Barker (*62) agrees tnere 
may be two types of gamma efferent fiber, but he does 
not think they terminate in relation to intrafusal 
muscle fibers as described by Boyd (*61, '62). In
addition, from his work on teased gold chloride and 
DeCastro silver serial sections of cat and rabbit 
neuromuscular spindles, he does not exclude that pos
sibility of alpha nerve fibers innervating intrafusal 
muscle fibers.

berrillees ('60) studied the fine structure 
of neuromuscular spindles in the rat lumbrical muscle. 
He has shown that the polar regions of intrafusal 
muscle fibers have motor endplates. The plasma mem
branes of the nerve and muscle are separated by

c500-600 A, and the gap between the two is filled with 
basement membrane material. Schwann cell processes 
form a cap over the motor nerve ending. The motor 
nerve terminal has a large number of mitochondria and
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synaptic vesicle s . Sarcoplasm, beneath the motor 
nerve ending bulges slightly to form a pad contain
ing one or two nuclei, large mitochondria, and vesi
cles, however, the myofilaments are at a distance of 
about 1 yu from the nerve ending.
Sensory Terminations

General somatic afferent nerve fibers have 
teleodendria located in the skin, in somatic muscu
lature and in deep connective tissues of the body. 
Filler, Ralston III, and Kasahara ('58) have examined 
the pattern pf cutaneous innervation of the human 
hand using methylene blue or several silver staining 
techniques. They have concluded that a homologous 
triad of sensory endings exists in glabrous epider
mis, papillary dermis, glabrous sub-papillary dermis, 
and hairy skin. The three major types of ending are 
freely ending fibers without expanded tips, unencap
sulated endings with terminal expansions, (including 
Merkel's discs and Ruffini or Ruffini-like endings), 
and encapsulated endings, (including Meissner's 
corpuscles, Krause's end bulbs, the hair follicle and 
Pacinian corpuscles). Unmyelinated fibers were found 
innervating only myoepithelial cells of sweat glands 
and smooth muscle of blood vessels.
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Cauna (*56) recently described the origin and 

structure of human Meissner's corpuscles. The capsule 
consists of elastic fibers and fibrocyte-like cells 
and is derived from the connective ti3sue of the dermal 
papilla . ihe capsule is open at the epidermal and 
corial ends. At the former end, the elastic fibers of 
the capsule can be seen attaching to the lower layers 
of epidermal cells. The elastic fibers of the capsule 
are arranged parallel to the longitudinal axis of the 
Meissner's corpuscle. He concludes that this capsular 
attachment to the epidermis and the longitudinal array 
of elastic fibers is designed for accuracy of stimul
ation necessary for tactile discrimination.

Nerve terminals thought to be concerned with 
reception of cold have been studied in the cat by 
Hensel, Strom and Zotteman ('51). Their physiolog
ic®-1- measurements determined these receptors to be
0.18 mm from the papillary surface of the cat's tongue. 
This depth is just beneath the papillary epithelium 
where numerous nerve endings are known to occur.

The sensory innervation of neuromuscular 
spindles has been well accepted since the work of 
Ruffini (1898-99) and Sherrington (1894-95). Ruffini 
(1898-99) described two types of ending in cat neuro-
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muscular spindles, a primary type which he called 
annulospiral riband ending and a secondary type 
ending known as flowerspray.

Barker and Ip (*60) found only minor variation 
in the primary and secondary ending when comparing 
them in different mammals, (opossum, bat, rabbit, rat, 
cat, monkey). They claim that the determining factor 
as to the nerve ending type is the muscle fiber morph
ology at the point of nerve termination. The regular 
type of primary ending is found in the nuclear-bag 
region of nuclear-bag intrafusal muscle fibers. Second
ary endings of the classical flowerspray type are 
located most frequently in the polar portion of intra
fusal muscle fibers.

Barker and Cope ( 162) have shown that nuclear- 
bag and nuclear-chain intrafusal muscle fibers usually 
have both primary and secondary nerve endings, but 
there are cases where nuclear-chain fibers have only 
secondary type sensory endings. Boyd (*62) believes 
that primary endings are always found on both nuclear- 
bag and nuclear-chain intrafusal fibers.

Katz ('60) has used the electron microscope 
to study the sensory termination of the frog neuro
muscular spindles. In the capsular part of the
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neuromuscular spindle, sensory terminal branches have
bulbous expansions, (2-Z>/a in diameter), which contain
many small mitochondria. Tie varicosities are connected
by thin tubules as small as 0.15 « in diameter. The
expansions of the nerve fit into cup-like depressions ofo
the intrafusal muscle fiber. There is a gap about 150A
between the muscle and nerve cells and short filaments
of both cells may be seen bridging this gap to closely
approach or touch one another. It is suggested that
during stretch of the intrafusal muscle fiber, the
depressions would become shallower and the tendency to
separate the two cell surfaces in this manner could
provide a mechanical stimulus to the nerve cell. Merril-
lees (*60) has used the electron microscope to examine
sensory endings on rat lumbrical intrafusal muscle
fibers. The cell membranes of sensory nerve endings
and intrafusal muscle fibers were separated by a gap 

oabout 200A wide, which space was devoid of basement 
membrane substance. Sensory endings lie in depressions 
of the intrafusal muscle fiber and have no Schwann cell 
covering. Mitochondria are numerous in the sensory 
terminals, but synaptic vesicles are sparse. Myofila
ments in the sarcoplasm of the intrafusal muscle are 
relatively close to the sensory terminals.
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Another well known sensory receptor associated 
with muscles is the neurotendinous organ. Swett and 
Eldred (*60a, 160b) have examined these structures in
the soleus and gastrocnemius, (medial head), muscles 
of the cat. Tendon organs were found only in assoc
iation with aponeuroses of the two muscles. Neuro
muscular spindles were never found to be fused structur
ally with tendon organs although the two sometimes 
occur very close together. The number of tendon organs 
in the soleus and gastrocnemius muscles was similar, 
being 45 and. 44, respectively. Lengths of the tendon 
organs differed in the two muscles. The average length 
of the tendon organs of the soleus was 0.81 mm, and it 
was 0.66 mm in the gastrocnemius muscle. In both 
muscles, the tendon organs were longer and more numerous 
adjacent to the aponeurosis of insertion. Tendon organs 
have been studied in the mouse gastrocnemius muscle by 
WhoIfart and Henriks son (’60). In the mouse, tendon 
organs always consist of a single bundle of tendinous 
fasicles. They may be found at the muscle origin and 
insertion as well as along the entire length of the 
muscle, but they are always located in the transition 
area between muscle and tendinous tissue. Two nerve 
fibers were always found to enter the tendinous bundle.
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One of these, a thick myelinated fiber about 6-10 /a in 
diameter, is known to be sensory in nature. Whether 
the thinly myelinated fiber, 2-3 /a in diameter, is 
afferent or efj.erent is not known, but these authors 
do not believe the thin fiber is either a collateral 
of the thicker nerve fiber or vasomotor.

Cole (155) made a comparative study of sensory 
endings in fish, amphibians, reptiles, and mammals, and 
he found neurotendinous organs only in mammals•

Electron microscopic observation of a neuro- 
uendinous orcsn from a rat lumbrical muscle was 
reported by Merrillees (»62). The neurotendinous 
organ was adjacent to a neuromuscular spindle, however, 
the capsules of the. two are clearly independent. A few 
thin layers of capsule cell cytoplasm and collagen 
fibers constituted the former's capsule. Myelinated 
axons and unmyelinated nerve endings could be seen 
among the collagen fibers inside the capsule. Many 
mitochondria are in the nerve terminals. Collagen 
fibers were sometimes in direct contact with the plas- 
malemma of the nerve ending, but more frequently a 
process of Schwann cell cytoplasm or a layer of base
ment membrane separated the two.

Pacinian corpuscles are known to occur in



muscle, but their frequency is still questionable. 
Hagbarth and Wohlfart ('52) have reported seeing two 
Pacinian corpuscles in the proximal part of the mouse 
tibialis anterior muscle. These authors consider the 
number of Pacinian corpuscles in muscle to be scanty. 
Roberts (159) observed a single Pacinian corpuscle in 
the perimysium of human adult muscle tissue. Barker 
('62) has reported the number of Pacinian corpuscles 
in six cat hindlimb muscles to be 176. Relative to 
other types of sensory endings associated with muscle, 
they are scarce and their intramuscular occurence isI
quite exceptional.

Vascular and free-fiber endings of thinly 
myelinated afferent nerve fibers are known to be 
present in muscle. However, a detailed histological 
analysis has yet to be presented, (Barker162) .

Deep connective tissues of the body are richly 
supplied with sensory endings. Stillwell (157) has 
found that nerves innervating aponeuroses, tendons and 
fascial investments are derived from intra- and extra- 
muscular nerve bundles. Three types of terminations 
of intramuscular nerves to tendon and aponeuroses are 
located primarily at the musculotendinous junction: 
Ruffini-like organs or Golgi tendon spindles, encap-
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sulated corpuscles, and free nerve endings. Extramus- 
cular nerve fibers end in all parts of tendons and 
aponeuroses as free or pacinian-type terminals. Sensory 
fibers of 2 ^ or less always end as free endings. He 
has noted a constant regional association of free ter
minals, Ruffini-like endings, and small encapsulated 
endings in tendon and aponeurosis. Stillwell believes 
it is this pattern, rather than a specific ending that 
is responsible for conscious and myotatic proprioceptive 
function,

Ralston 111, killer, and Kashara (!60) have 
studied nerve terminals stained, with methylene blue in 
human fascia, tendons, and periosteum and joint syn
ovial membrane. They conclude that three types of 
nerve terminals are found in the deep connective tis
sues of the body: free fiber endings, complex unencap
sulated endings and encapsulated endings. These three 
types of endings were seen in all preparations of deep 
fascia, tendon, ligament and periosteum and joint 
capsule. Joint synovial membranes, however, contained 
only free fiber endings. In their classification, 
Golgi-type endings, Ruffini-like endings and Golgi 
tendon organs are considered complex unencapsulated 
endings, while Golgi-kazzoni endings and large and
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small Paciniform corpuscles are grouped as encapsulated 
terminals. They propose that free fiber endings are for 
reception of painful stimuli, complex unencapsulated 
endings for proprioception, and encapsulated endings for 
pressure reception.
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BIOCHEMISTRY
There is an increasing amount of literature 

regarding the chemical structure and function of 
neurons. Kandy and Bourne ('64) have localized the 
oxidative enzymes succinic dehydrogenase, cytochrome 
oxidase, and DFH-diaphorase in the mitochondria of 
neurons in the rat spinal cord. Large multipolar 
anterior horn cells and the cells of the nucleus 
dorsalis appear to have the highest concentration 
of these enzymes. Myelinated nerve fibers have a 
rich supply of dephosphorylating; and oxidative en-I
zymes. Beckett and Bourne (’57, '58) have demonstrat
ed the presence of acid phosphatase and 5-nucleotidase 
in the neurokeratin network of human nerves. Acid 
and alkaline phosphatase, 5-nucleotidase and ATPase 
have been localized in the neurokeratin network of 
normal rat and cat sciatic nerves, (Wolfgram and Rose 
'60). Shanthaveerapa and Bourne ('62a) have reported 
for the facial and infraorbital branches of the rat 
trigeminal nerves a full complement of dephosphory
lating and oxidative enzymes except for acid phospha
tase. These appear to be in the neurokeratin network 
and include the following enzymes: glycerophosphatase, 
glucose-l-phosphatase, glucose-6-phosphatase, fructose-
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6-phosphatase, 5-nucleotidase, ATPase, creatine phos
phatase, inosine diphosphatase, pyridoxal phosphatase, 
thiamine pyrophosphatase, cytochrome oxidase and 
succinic dehydrogenase. Nerve axons gave positive 
reactions for all of the above enzymes, and, also, 
for acid phosphatase. However, the oxidative enzymes 
were not as concentrated in the axis cylinder as in 
the myelin sheath. Lipase and sulfatase could not 
be demonstrated in peripheral nerve processes, (Wolf- 
gram and Rose *60).

Lipids and proteolipids are important struc-I
tures of the myelin sheath, (Koenig '59). Phospho
lipids, neutral fats and compound lipids are abundant 
in the myelin sheath of peripheral nerves, but sparse 
in the axon, (Shanthaveerapa and Bourne '62a). Koenig 
(•59) concluded that the neurokeratin network of 
myelin is of a proteolipid nature. This because of 
the absence of a "herring-bone effect" after soaking 
the tissue in a chloroform-methanol solution. Proteo
lipid is soluble in that solvent. Further, a differ
ence in form was observed between central and peripheral 
neurokeratin, which may be due to a difference in the 
quantity of inositol and phosphorus present, (Finean et. 
al. *56). Myelin in fresh central and peripheral nervous
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tissue of the cat and frog exhibits a definite X-ray 
diffraction pattern due to layering of oriented lipoids 
associated end to end. Varying degrees of disorien
tation can be produced in this pattern by drying,
(fluid matrix ?), or heating, (thermal agitation ?), 
but little change results upon treatment with a poison 
such as cyanide, (Schmitt et. al ’35). Quantitative 
birefringence measurements of frog sciatic nerve show 
that the myelin sheath is a lipid and/or protein-like 
complex. For nerve fibers approximately 2 /u in 
diameter the birefringence gradually changes from pro- 
teotropic to myelotropic, (Schmitt, Bear and Silbert 
'39). Shanthaveerapa and Bourne (*62a) believe the 
neurokeratin to be of a proteolipid or polysaccraride 
nature because of stability when treated by lipoidal 
extraction.

A mucopolysaccharide similar to hyaluronic 
acid has been localized in axons, especially concen
trated at nodes, and in the neurolemma sheath of frog 
and sheep sciatic nerves, (Abood and Abul-Haj *56).
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PHYSIOLOGY
Nervous tissue possesses highly developed 

properties of irritability and conductivity. Once 
the nerve cell membrane is sufficiently depolarized, 
an electrical impulse is propagated along the extent 
of the nerve. This electrical impulse may travel in 
either direction from its site of origin, but is 
transmitted across the synapse only at one end of the 
nerve fiber.

Depolarization of the cell membrane of gener
al somatic efferent nerve fibers occurs at the den-1
drites, cell body and/or axon hillock, and, if the 
depolarization reaches a critical level, an impulse 
is propagated peripherally to reach the synapse. 
Exactly how the presynaptic nerve fiber terminals 
transmit their impulses across the synaptic cleft 
to postsynaptic motoneurones is not known. A chem
ical mediator is suspected. The physico-chemical 
basis for this phenomena of impulse propagation is 
unclear. When a potential is propagated in a nerve 
fiber, a voltage drop can be measured across the 
cell membrane and this has been correlated with the 
ion flux that occurs across the plasmalemma of the 
nerve fiber. It is believed that the electrical
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phenomena that occur are the result of the Ion flux. 
Once the Impulse has been propagated past any point 
of the nerve fiber, ionic concentrations return to 
their original state relative to the cell membrane, 
and the nerve fiber is again polarized. General 
somatic efferent fibers transmit the impulses that 
have traveled their length to the extrafusal and 
intrafusal muscle fibers. There was a question as 
to whether the impulse from nerve fiber to muscle 
fiber was regenerated across the synapse by electri
cal or chemical means. It is now thought the nerve|
terminals release cholines, especially acetylcholine, 
into the synaptic cleft of the motor endplste. Some
how this results in depolarization of the muscle fiber 
cell membrane and subsequent contraction of the muscle, 
(Fatt and Katz '52; Eccles *65).

Impulse propagation in general somatic and 
visceral afferent nerve fibers is similar to that 
found for general somatic efferent fibers. However, 
the initial stimulus necessary for depolarization of 
the former type fibers is different. The diverse 
nature of stimuli afforded the receptors, (e.g. mechan
ical, thermal), must be transduced so that an adequate 
generator potential results in the receptor to suf-
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ficiently depolarize the nerve terminal. Once adequate 
depolarisation occurs, the impulse is propagated along 
the nerve fiber toward the central nervous system. The 
general somatic and general visceral afferent fibers 
synapse on other nerves at various sites in the central 
nervous system. The nature of transsynaptic mediation 
is thought to be chemical. Exactly what these chemical 
transmitters are is not known, (Eccles '46, Eccles *62, 
Eccles >64).

It is possible to measure the potential at an 
outside point on a nerve fiber past which an impulseI
is propagated. If this electrical measurement is 
transformed to a picture on an ocilloscope, a deflec
tion of the light beam from the baseline, (i.e. the 
resting potential), will be seen as the impulse has 
passed the measuring point, the deflection gradually 
returns to the baseline, and sometimes even below the 
baseline. Various names, (action potential, negative 
after-potential, positive after-potential), have been 
given to the light beam deflection seen on the oscil
loscope, which deflections reflect alterations in the 
environment immediately exterior to the nerve fiber.
If the distance on the nerve fiber and the time 
interval between stimulation and recording points is
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known and allowance made for resistance of the record- 
in^ apparatus, an accurate measure of the nerve fiber 
conduction velocity may be computed.

It is also possible to stimulate and record 
from a group of nerve fibers, in fact, an entire nerve 
to obtain similar information.

Correlation between conduction velocity of a 
nerve fiber and the total fiber diameter was first 
shown by Gasser and Grundfest ('39). Hursh ('39) has 
suggested a factor, six, with which one can convert 
conduction velocity to total fiber diameter by divid-I
ing. There is some evidence (Hunt '62) that this 
factor does not apply over the entire myelinated fiber 
size range and that a value of 3.8 is a better, factor 
for small fibers.

On the basis of fiber myelinstion and diameter, 
conduction velocity, latency, and positive and negative 
after-potentials, mammalian nerve fibers have been 
divided into three groups: A, B, and C, (Grundfest 
'40). The A group of fibers has been subdivided into 
alpha, beta, gamma and delta. Some distinguishing 
features of the three main groups of nerve fibers are 
as follows. Those in the A classification are myelin
ated fibers whose total diameters range in size from
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1 - 20 ja. They include somatic efferent fibers, and 
general somatic and general visceral afferent fibers. 
Conduction velocities range from less than 5 to 100 mps 
or more. Their spike duration, positive after-potential 
and absolute refractory period are less than those of 
the B and C fiber groups. A negative after-potential is 
present. Fibers of the B type are myelinated and less 
than 3 /u in diameter. Preganglionic autonomic nerves 
comprise this group. Conduction velocities range from 
less than 3 to about 14 mps, and the spike duration, 
positive after-potential, and absolute refractory period 
are longer than A type fibers, but shorter than the C 
group. No negative after-potential is present. Fibers 
in the C group are non-myelinated and include post
ganglionic general visceral efferent, general somatic 
afferent, and general visceral afferent fibers. Their 
conduction velocities are less than 2 mps. The spike 
duration, positive after-potential, and absolute refrac
tory period are longer than those of the A and B type 
fibers. A negative after-potential of greater duration 
than that found for A fibers is present.

The contemporary method of classifying afferent 
myelinated peripheral nerves of the above-mentioned 
type A is based on the diameter of the nerve fiber and
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its participation in reflex activity, (Lloyd 145a).
Type A afferent fibers are considered as belonging to 
one of three groups; I, II or III. Group I fibers 
are afferent from muscle and are 12-30/1 in diameter. 
They make monosynaptic connections with motoneurons and 
are responsible for the myotatic and pluck reflexes. 
Group II fibers are 6-12 /i in diameter and are afferent 
from skin and muscle. These have multisvnaptic relays 
to motoneurons and are responsible for the flexion 
reflex, and the contralateral extensor thrust reflex. 
Group III afferent fibers from muscle and skin areI
1-6 /u in diameter. They have multi synaptic relays to 
motoneurons and are, also, responsible for the flexion
reflex.
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CALIBER SPECTRAL STUDIES

Somatic Efferent Nerve Fibers
Fiber size histograms point to the fact that 

there are two major types of somatic efferent nerve 
fiber. Studies of ventral roots as well as de-affer- 
ented nerves to muscle have led to this conclusion.

Ventral Roots. - Nerve fiber analyses of 
ventral roots have been performed on mammals, (Eccles

«iand Sherrington 130, Duncan 134, Haggqvist '37, Swens- 
son 138, Rexed *44, Wassno et. al. * 62, Boyd and Davey 
162, Korneliussen !65), on birds, (Duncan'54), and on 
amphibians, (Wasano et. al. *62). In mammals, birds 
and amphibians general visceral efferent and somatic 
efferent fibers exit from the spinal cord via the 
ventral roots, (Sherrington 1894, Hinsey ’34b, Good
rich 158) . It has been shown that thoraco-lumbar 
sympathetic outflow and the sacral parasympathetic 
outflow add to the small fiber peak seen in histograms 
of ventral roots, (fig. 1 ). Using osmium tetroxide 
and working with adult animals, Duncan ('34) has 
reported two fiber groupings for the eighth thoracic 
ventral roots of the rat, (1.75 ju, 7%; 9.75 ai, 3.5/¿), 
cat, (2.5 yu, 9.5%; 10.5 ,u, 1,5% ), and cow, (3.5 /u, Q%;
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17 /a, 2%) . The preganglionic sympathetic outflow in 
this region probably accounts for the greater percen
tage of small fibers. Eccles and Sherrington (130 ), 
using osmium tetroxide studied the seventh and eighth 
cervical ventral roots in the cat, reported fiber 
peaks a t 3-7 yu, (28%), and 12-17 yu, ( 55%) . Haggqvist 
(137) reported a fiber sise analysis of all anterior 
roots in the monkey using his modification of the 
Alzheimer-Mann staining technique. Two fiber peaks 
were seen at all spinal levels. In the cervical,
( 3-4 yu, 20%; 8-11 yu, 45%) , lumbar, (2-5 /U, 39%; 8-12 yu, 
48%), sacral, (2-5 /u, 33%; 7-11 p., 50%), and coccygeal, 
(2-5 ¡a, 27%; 7-11 yu, 55%), segments the larger fiber 
peak predominates over the smaller, while at thoracic 
(1-4 u, 60%; 7-11 /u, 25%), levels the reverse situation 
is true. Most of the ventral roots of man have been 
studied by Swennson ('38) who used the AME technique. 
Evidence of two fiber peaks is constantly seen in his 
histograms with the large fibers predominating at 
cervical, (2-5 yu., 25%; 7-11 yu, 55%), lumbar, (2-5 ¡a,

25%; 7-11 /u# 53%), and sacral, (2-4 /u, 13%; 8-12 /a,
63%), levels, and a small fiber majority in thoracic, 
(1-3 yu, 65%; 7-10 ¡a, 20%), segments. The first sacral, 
(2-6 yu, 25%; 10-14 yu, 50%), ventral roots of the rabbit,
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cat and dog stained by the A EH technique give evidence 
of a bimodal pattern according to Hexed ('44). Using 
the sane staining technique, Hexed (*44) has also 
investigated the caliber spectrum of most ventral roots 
in adult humans. All have a thick and. a thin fiber 
group. The larger diameter fibers have a peak at 8-11 yu 
in the cervical through sacral segments. The smaller 
fibers peak at 3-5 /a in the cervical, (10-25%), and 
lumbosacral, (5%), segments and at 2-3 yu in the thoracic, 
(60-75%), segments. Using frozen sections and staining 
with Kultschitsky1s hematoxylin, Wasano et. al. (162) 
have presented evidence of anterior root bimodality in 
the rabbit, cat, monkey and man. Summary of their work 
shows a preponderant large fiber peak for cervical,
(3-7 30%; 10-18 yU, 40%), and lumbar, (3-9 /a, 29%;
11-22 g, 33%), segments and a small fiber predominance 
for thoracic, (2-6 /u, 65%; 10-16 /u, 17%), and sacral,
(2-7 p., 36%; 10-17 /u, 31%), segments. Boyd and Davey 
(’62) using osmium tetroxide show a bimodal spectrum 
for the seventh lumbar ventral root of the cat.

Duncan (*34) using osmium tetroxide has 
studied myelinated fibers of the first thoracic ventral 
root in the adult pigeon. Bimodality is evident with 
peaks at 1.75 /u, (15.5%), and 5 yu, (1,8%) .
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Wasano et. al (’62) using frozen sections and 
Kultschitsky's hematoxylin have examined various spinal 
nerve anterior roots of the toad. All of the ventral 
roots have two fiber groupings. In the second, (5-7 /a, 

16%; 10-15 yu, 45$), and tenth, (2-6 yu, 35$; 9-14 yu,
48$), spinal nerve anterior roots the large fibers are 
more numerous, while small fibers predominate in the 
fifth, (2-4 /u, 43$; 12-15 /U, 14$), and eleventh, (2-6 p, 
41$; 12-15 yu, 20$), spinal nerve anterior roots.

De-afferented Kerves to Muscle. - In mammals 
myelinated fibers of nerves to muscle ore either soma
tic efferent, general somatic afferent, or genera], 
visceral afferent. Removal of the spinal ganglia 
results in degeneration of all afferent fibers to 
muscle with the remaining myelinated fibers being 
somatic efferent only, (Sherrington 1894). Postgang
lionic general visceral efferent myelinated fibers in 
nerves to muscle are not frequent, (Eccles and Sher
rington '30, Boyd and Davey 162).

Studies of the fiber size of de-afferented 
nerves to the muscles of the hindlimb of the cat have 
shown that the groups of myelinated nerves produce, 
in general, a bimodal curve, (Eccles and Sherrington 
130, Rexed and Therman '48, Boyd and Davey '62).
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S i m i l a r l y ,  S e a r s  ( 164) h a s  s h o w n  that d e - a f f e r e n t e d  

n e r v e s  to the i n t e r c o s t a l  and some a b d o m i n a l  m u s c l e s  

of the cat are b i m o d a l .

E c c l e s  and S h e r r i n g t o n  ('30) u s i n g  o s m i u m  

t e t r o x i d e  d e s c r i b e  a b i m o d a l  a r r a n g e m e n t  in d e - a f f e r

ent e d  n e r v e s  to the: m e d i a l  h e a d  of the g a s t r o c n e m i u s ,  

i,e- p.} 2 7 /b; 1 2 - 1 5  u, 54%), e x t e n s o r  l o n g u s  d i g i t o r u m ,

(5-6 n, 22%; l l - 1 5 / i ,  56%), b i c e p s  f e m o r i s ,  (4-7 /a, 31%; 

12-16/1, 50%), s e m i t e n d i n o s u s ,  (4 - 7  /u, 30%; 1 1 - 1 7  yu, 57%), 

soleus, (5-6 29%; 9 - l o  p, 59%), and l a t e r a l  h e a d  of

the g a s t r o c n e m i u s ,  (3-6 yu, 22%; 1 1 - 1 5  yu, 56%), m u s c l e s .

H e x e d  and T h e r m a n  ( ’45) u s i n g  A M H  s t a i n i n g  

h a v e  o b t a i n e d  s i m i l a r  r e s u l t s  f o r  d e - a f f e r e n t e d  n e r v e s  

to the g a s t r o c n e m i u s ,  (4-7 yu, 18%; 1 1 - 1 5  p, 58%), and 

the t i b i a l i s  a n t e r i o r ,  (3-6 m , 23%; 1 0 - 1 4  /i, 55%), 

m u s c l e s  in the cat.

B o y d  and D a v e y  ('62) h a v e  p u b l i s h e d  c a l i b e r  

s p e c t r a  of d e - a f f e r e n t e d  n e r v e s  to m u s c l e  s t a i n e d  

w i t h  o s m i u m  tet r o x i d e .  D e p e n d i n g  on the n e r v e  e x a m i n e d ,  

there are two or three p e a k s  p r e s e n t  in their h i s t o g r a m s .  

In those s p e c t r a  w i t h  three peaks, two of the p e a k s  are 

in the 2 - 8 /u range, and t h ese a u t h o r s  c o n s i d e r  this 

e v i d e n c e  s u p p o r t i n g  the e x i s t e n c e  of two d i f f e r e n t  t ypes 

of f i b e r s  in the g a m m a  e f f e r e n t  system. The l a r g e s t



fiber peak represents motor nerve fibers to extrafusal 
muscle fibers. When two smaller peaks are present in
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the spectra, one is called gamma thick and the other, 
gamma thin. Both gamma thick and gamma thin fibers 
supply intrafusal muscle fibers, the former are of 
larger diameter and are to nuclear-bag muscle fibers; 
the latter are of smaller diameter and supply nuclear- 
chain intrafusal muscle fibers. Those muscles receiv
ing the largest efferent fibers show a good separation 
of the two small fiber groups, e. ;., the popliteus,
(2-4 y, 13/j; 5-8 n , 30%; 14-18 /u , 40;»), and the medial 
head of the gastrocnemius, (2-4 /u, 12%; 5-7 yu, 17%;
11-15 yu, 43%), muscles. However, a histogram of the 
soleus muscle, a red muscle, does not show a separation 
of the gamma efferent fibers, (2-5 /u, 38%; 8-11 yu, 47%) . 
Though the histogram of the soleus muscle does not give 
evidence of the two components1 of the gamma efferent 
system, Boyd and Davey state they were able to micro
scopically differentiate gamma thick and. gamma thin 
fibers in the nerve to the soleus muscle.

Sears ('62) has studied osmium tetroxide stain
ed de-afferented nerves of the cat. He examined the 
nerves to the external intercostal muscle, to one of 
the abdominal oblique muscles, and a nerve supplying
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both the internal intercostal and rectus abdominis 
muscles. The histograms have a bimodal size fre
quency distribution: external intercostal, (4 - 6 /u,
16;b; 10-16 p, 34%), abdominal oblique, (4-6 yu, 29%;
12-20 yU, 45%), internal intercostal plus rectus abdom
inis, (4-6 yu, 18%; 12-18 yU, 33%) . Sears states that gamma 
thick and gamma thin nerve fibers could be seen under the 
microscope though it was not possible to demonstrate them 
statistically.
General Somatic Afferent Fibers.

Analyses of the size frequency distribution of 
myelinated general somatic afferent nerve fibers have 
resulted in a somewhat complex picture. Four structures 
which contain mostly general somatic afferent fibers are: 
dorsal roots of spinal nerves, cutaneous nerves, nerves 
to joints, and de-efferented nerves to muscle. Dorsal 
roots include myelinated general visceral afferent fibers, 
(Clara'59). Myelinated fibers found in nerves to joints 
and de-efferented, (but not sympathectomized), nerves to 
muscle may in part be general visceral afferent, (Gardner 
144, Samuel ’52). Generally it may be stated that dorsal 
roots, joint and cutaneous nerves have uni- or bimodal 
size frequency distributions, and de-efferented nerves to 
muscle are trimodal.
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Dorsal Hoots. - Fiber analyses of selected dor
sal roots have been carried out on the rabbit, dog, 
whale and man, (Gentele and Swensson '41, Hexed 14 4, 
Korneliussen 165) . Human dorsal roots from cervical, 
thoracic, lumbar and sacral segments stained by the AMH 
technique have been examined by Gentele and Swensson 
('41). Histograms from all dorsal roots show a bimodal 
distribution pattern. The small fiber peak is pre
dominant at all cord levels: cervical 1 - 4 /u, 55%;

7-12 /a, 56%; thoracic 1-4 yu, 68..6-11 /a, 21%; lumbar 
1-4 a a,  77%; 6-11 /u, 29%; sacral 2-5 /u, 61%; 6-11 /u, 25%.

Dorsal roots in adult humans stained with the 
AMH technique have also been studied by Hexed (144).
They are bimodal with a small fiber peak at 2-4 fa in 
the cervical, lumbar and sacral segments, and a large 
fiber mode at 6-9 f i in the cervical, (50%); thoracic, 
(20-45%); lumbar, (30-40,.%); and sacral (30-40%) segments. 
Histograms of the first sacral dorsal root in the rabbit 
and dog have a bimodal frequency distribution, (Hexed 
'44). Fiber groups are at 2-5 /u and 8-14 u.

Korneliussen ( '6 5 ) using sudan black B staining 
has found thet the whale fifth cervical dorsal root is 
bimodal, (3-5 ¡a, 40%; 3-13 ,u, 39%). However, the 
dorsal root of segment lumbar fourteen in the whale was
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unimodal, (2 -7  ¡a, 80%), being similar to the histogram 
of that same segmental ventral root. She suggested this 
unimodality may be associated with locomotion adaptation 
of the whale tail musculature.

Cutaneous Serves. - Histograms of cutaneous 
nerves have been published by Eccles and Sherrington 
(*30), Gasser and Grundfest (!39), Quilliam ('56), 
Gushima ('60), Sears ( 164).

Eccles and Sherrington ('30) have shown a histo
gram of a cat hind.limb dorsal digital nerve stained with 
osmium tetroxide. A small fiber group is seen at 4-6 /u 
with a more prominent large fiber group at 9-11 /a. No 
fibers were larger than 14 ,u.

Histograms of the cat saphenous nerve stained 
with osmium tetroxide present a two-spiked pattern of 
distribution, (Gasser and Grundfest '39). There is 
one group between ¿ —6 /u and another in the 6—12 /u range • 
Pew fibers are larger than 14 ¡a. The smaller fiber 
peak is more prominent in height, while the larger 
fiber group has a greater side to side dispersion.

The sural nerve of the rat, rabbit, and sheep 
stained with Kultschitsky's hematoxylin have been 
studied by Quilliam (*56). In all of these animals a 
single fiber peak is seen in the spectrum. This peak
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is at 4-6 zu for the rat and rabbit, and 6 -8 /u for the 
sheep. In the rat, rabbit, and sheep the largest fibers 
measured were: 10 ju, IS /a, and'20 yu, respectively. Pew
fibers were larger than 8 /a in the rat, 14 ax in the 
rabbit, and 16 u in the sheep.

Grushina ( 160), using frozen sections, examined 
the following cutaneous nerves of the cat forelimb: 
medial brachlocutaneous, dorsal brachiocutaneons, lateral 
brachiocutan eons, palmer branch of the median, common 
palmer digital branch of the median, dorsal digital 
branch of the ulnar, opisthenar branch of the ulnar, and 
the superficial branch of the radial. The caliber 
spectra are bimodal; one fiber group is between 3 - 6 /u and 
another group is at 8-10 /a. A hypothesis is presented 
that the small fiber group is associated with protopathic 
sensation and involuntary deep sensibility, while the 
group of larger fibers is related to epicritic and vol
untary deep sensation. Extremely few fibers greater 
than 14/u in diameter were present in any cutaneous nerve. 
In most instances the larger fiber peak is more pro
nounced than the smaller group of fibers.

Cutaneous branches of the cat lateral intercostal 
nerve stained with osmium tetroxlde appear to be of uni- 
modal distribution, (Sears ’64). The single peak is in
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the 4-6 /u range, and few fibers are of greater diameter 
than 14 a x .

Tomasch and Britton (*56) have used the AMR 

stain to study human sural nerves. Though they present 
no histograms, they give data relevant to size frequency 
distribution studies. In all sural nerves examined, two 
modes of fiber size were present. One peak of fibers 
was at the 1 - 2 ax, while another peak lay somewhere be
tween 6-10 ax . The largest fibers measured varied over 
an interval between 9-20 ai in separate individuals; 
usually the largest fibers were not more than 13 ¿u.
These authors state that smaller fibers in cutaneous 
nerves are significantly more numerous than those in 
nerves to muscle. They show that it is possible to dis
tinguish a nerve to muscle from a cutaneous nerve on the 
basis of the relatively greater frequency of smaller 
diameter fibers present in the latter type nerve.

Sunderland, Lavarack and Ray (*49-'50) examined 
various human cutaneous nerves stained with osmium 
tetroxide: superficial radial, medial cutaneous of
the forearm, lateral cutaneous of the thigh, posterior 
cutaneous of the thigh, and sural. Though their method 
did not permit a histogram display, they did note the 
predominance cf myelinated fibers in cutaneous nerves.
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In all of their specimens, they found some fibers larger 
than 16 yu, but extremely few greater than 23 yu. Inci
dence of large cutaneous fibers was greatest in the 
upper extremity nerves.

Hunt and McIntyre (*60) have constructed size 
frequency distribution graphs of the cat sural nerve. 
Diameters of fibers were calculated by dividing the 
conduction velocity by a factor of six, (Ilursh '39).
The graph is based on an analysis of the conduction 
velocity of 421 sural nerve fibers. The toal myelin
ated population of this nerve being, in the cat, 
approximately 1000-1200' fibers. A two peaked distri
bution of the nerve fibers is evident. The smaller 
nerve fibers, (i.e., the A delta group, 1-6 m ), is at 
3-4 yu, while the larger spike, (i.e., the A alpha group, 
6-17 yu), is at 10-12 yu. The former peak is more prom
inent vertically; the latter predominates horizontally. 
Fibers of calculated diameter greater than 17 yu were 
not found. These authors have analyzed the size 
frequency distribution curve in relation to cutaneous 
sensation. Delta fibers included hair unit, pressure, 
and nocioceptive receptors; the alpha range fibers 
contained hair unit, pressure and touch receptor units.

Nerves to Joint. - Histograms of the posterior
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and medial branches to the knee joint of the cat have 
been constructed by Gardner (*44) and Skoglund (156).

Gardner ('44) based his conclusions on four 
branches of each the posterior and medial branches 
stained for myelinated, (osmium tetroxide), or unmye
linated, (silver), fibers. In neither the posterior 
nor medial nerves was the average total unmyelinated 
fiber population greater than the average total mye
linated, however, the former always presented the 
highest frequency pattern in the spectrum. Both of 
his caliber spectra are bimodal. The larger peak was 
always in the 0-2 /u range. The medial nerve had the 
second group at 2-5 m , while the group of larger 
fibers of the posterior nerve was at 7-10 /u. Gardner 
considers the unmyelinated fiber population in a nerve 
to joint to be vasomotor to blood vessel smooth muscle, 
and, also, for the reception of pain when distributed 
to blood vessel adventitia and the capsule and assoc
iated areas of the joint. The large number of 
"Ruffini endings" in the posterior part of the joint 
capsule correlates well with the 7-10 ,ai group found 
in the posterior tibial nerve. These fibers and 
endings are believed to be important for propriocep
tion .
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S k o g l u n d  ( 156) p r e s e n t e d  h i s t o g r a m s  b a s e d  on 

o s m i u m  t e t r o x i d e  s t a i n e d  n e r v e s  f o r  ten e a c h  of the 

p o s t e r i o r  and m e d i a l  n e r v e s  to the c a t ’s k n e e  joint.

His c a l i b e r  s p e c t r a  are e s s e n t i a l l y  u n i m o d a l  w i t h  the 

m a j o r i t y  of f i b e r s  b e t w e e n  2 - 7  a x . He b e l i e v e s  the 

l a rge n u m b e r  of f i b e r s  in the 2 - 7  /u g r o u p  m a y  be 

a u t o n o m i c  a n d / o r  c o n c e r n e d  w i t h  p a i n  r e c e p t i o n ,  (delta 

p a i n  type). S k o g l u n d  p r e s e n t s  e v i d e n c e  s u g g e s t i n g  

that R u f f  ini type e n d i n g s  m a y  be c o n n e c t e d  w i t h  n e rve 

f i b e r s  7-10 ai in d i a m e t e r ,  w h i l e  G o l g i  e n d i n g s  and 

m o d i f i e d  V a t e r - P a c i n i  c o r p u s c l e s  m a y  be d e r i v e d  from. 

10-15 /u. The f o r m e r  are c o n s i d e r e d  G r o u p  II f i b e r s  

a n d  the l a t t e r  G r o u p  I n e r v e  f i b e r s .

R a l s t o n  III, Miller, a n d  K a s a h a r a  (*60) u s i n g  

h u m a n  ti s s u e  f o u n d  free f i b e r  e n d i n g s ,  e o m p l e x - u n e n c a p -  

s u l a t e d  e n d i n g s  and e n c a p s u l a t e d  e n d i n g s  in j o int 

capsu l e s ,  t e n d o n s  and l i g a m e n t s .  On l y  free f i b e r  

e n d i n g s  w e r e  s e e n  in j oint s y n o v i a l  m e m b r a n e .  Free 

f i b e r  e n d i n g s  w e r e  t e r m i n a l s  of m y e l i n a t e d  fibers 

less th a n  3 /u in. d i a m e t e r ,  c o m p l e x - u n e n c a p s u l a t e d  

e n d i n g s  f r o m  m y e l i n a t e d  n e r v e  f i b e r s  5-12 /u in 

d i a m e t e r  and e n c a p s u l a t e d  e n d i n g s  f r o m  n e r v e  f i b e r s  

g r e a t e r  than 12 /u i n  d i a m e t e r .

A f f e r e n t  i m p u l s e s  of the p o s t e r i o r  a r t i c u l a r



n e r v e  to the k n e e  j o int h a v e  b e e n  s t u d i e d  in d e c e r e

br a t e  cats b y  B o y d  and R o b e r t s  (’53). Two t y p e s  of 

r e s p o n s e s  w e r e  r e c o r d e d  d u r i n g  v a r i o u s  m o v e m e n t s  a n d  

p o s i t i o n s  of  the kn e e  joint: r a p i d l y - a d a p t i n g  a n d  

s l o w l y - a d a p t i n g  r e s p o n s e s .  T h e  f o r m e r  type d i s c h a r g e  

is b e l i e v e d  due to s t i m u l a t i o n  of P a c i n i a n  c o r p u s c l e  

s t i m u l a t i o n .  S l o w l y - a d a p t i n g  d i s c h a r g e s  w e r e  m o r e  

f r e q u e n t  a n d  t h o u g h t  to r e s u l t  f r o m  s t i m u l a t i o n  of 

s t r e t c h - r e c e p t o r s  l i k e  R u f f i n i  e n d i n g s .

D e - e f f e r e n t e d  N e r v e s  to M u s c l e . - C a l i b e r  

s p e ctra a n a l y s e s  of  d e - e f f e r e n t e d  n e r v e s  to m u s c l e s  

of the cat h i n d l i m b  h a v e  b e e n  r e p o r t e d  b y  E c c l e s  

a n d  S h e r r i n g t o n  *30, R e x e d  a n d  T h e r m a n  »4.8, L l o y d  

a n d  C h a n g  '1+8, H a g b a r t h  and W o h l f a r t  »52, H u n t  »54- 

*55, H u n t  a n d  M c I n t y r e  »60. S e a r s  ( »64.) s t u d i e d  

d e - e f f e r e n t e d  n e r v e s  to the cats i n t e r c o s t a l  m u s c u

la t u r e  .

E c c l e s  a n d  S h e r r i n g t o n  (»30) w e r e  f i r s t  to 

p r e s e n t  e v i d e n c e  of a t r i m o d a l  a f f e r e n t  n e r v e  p a t t e r n  

for n e r v e s  to m u s c l e .  Their d e - e f f e r e n t e d  n e r v e  to 

the g a s t r o c n e m i u s  m e d i a l i s  s h o w s  three f i b e r  p e a k s ,  

(2-5 9 - 1 0  yu, 1 2 - l p  yn). T h e y  n o t e  that a f f e r e n t

f i b e r s  to m u s c l e  b r a n c h  q u i t e  f r e q u e n t l y  as they 

a p p r o a c h  the m u s c l e ,  and, also, that m u s c l e  a f f e r e n t s



are strikingly heterogenous when compared to cutaneous 
afferent nerve fibers.

Afferent nerve fibers to physiological flexor 
and extensor muscle of the cat posterior extremity 
have been compared, (Rexed and Therman11+8 ) . De-effer- 
ented nerves to the tibialis anterior and gastrocnemius 
muscles have histograms that are trimodal, the fiber 
groups being at 1-4 yu, 4-10 /u, 10-17 yu. However, the 
sensory nerves to the flexor muscle, (tibialis anter
ior), were relatively more numerous than those to the 
extensor muscle, (gastrocnemius). The former corre
sponding to one-ha If and the latter to one-third of 
the total normal fiber population.

Lloyd and Chang ( ' 5>8) have studied a number 
of de-efferented nerves to cat hindlimb muscles. The 
sensory fibers to all muscles were divided into three 
groupings 1-4 /u, 4-10 yu» and 12-18 yu. Each group has 
a peak of fibers. Further, extensor muscles of the 
pale type receive larger afferents than do their flexor 
antagonists.

De-efferented nerves to the cat gastrocnemius 
medialis, soleus and tibialis anterior muscles have 
been shown by Hagbarth and Wohlfart (’52) to be di
visible into three fiber groupings. Thin fibers are



from 1-4 M, medium-sized fibers from 5 - 1 1 /u, and large 
fibers from 11-19 /u. However, the predominance of any 
particular group of efferent fibers relative to another 
group shows striking differences when nerves to differ
ent muscles are compared. As a result of their evalua
tion of the number of muscle spindles and the number 
and size of myelinated afferent fibers, they suggest 
that nerve fibers from the medium and large size groups 
may supply muscle spindles, Golgi tendon organs and 
Pacinian corpuscles, while the small fiber group is 
thought to perhaps be concerned with transmission of 
pain.

Hunt ('54-'55) has correlated fiber group size 
to ending type for afferent nerve fibers to the soleus 
and gastrocnemius, (medial head), muscles in the cat. 
Afferent nerves belonging to Group I (12-30m ) and Group 
11> (4-12 /u), were studied. Golgi tendon organ fibers 
are entirely Group I, while muscle spindle afferent 
fibers fall into both Group I and II classification.
Group I afferent fibers to muscle are, therefore, sub
divided into Group la fibers which have ending on 
intrafusal muscle fibers and Group lb fibers whose 
endings are Golgi tendon organs.

A size frequency distribution curve for the

44.
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afferent nerve fibers to the cat flexor longus digi- 
torum muscle shows two groupings of fibers, (Hunt 
and McIntyre ’60). The diameter size of nerve fibers 
were calculated from the study of conduction velocity 
of individual fibers. Their spectra are deficient in 
Group III, (1-4 /u) , type fibers. They correlated Group 
I, (12-22 ,u), fibers to muscle spindle and Golgi tendon 
organ endings and Group II, (4-12 /a), nerve fibers to 
muscle spindle endings. In addition, they have found 
afferent nerve fibers in the nerve to the flexor 
longus digitorum muscle which evidently have receptors 
for tension, vibration, and tap. Tension receptors 
have fibers belonging to Group I, vibration receptor 
fibers fall mainly in Group II, and nerve fibers 
responding to tap are found In both Groups I and II. 
These authors conclude that the nerve to the flexor 
digitorum longus muscle can not be regarded as a 
purely muscle nerve in the classic sense.

Sears (* 64) has studied de-efferented branches 
to the external intercostal and abdominal oblique 
muscles in the cat. The histogram for the former 
muscle has a peak, (6-10 /u), in the Group II range 
and two peaks, (12-14 yu, 16-18 /i), in the Group I 
range. The de-efferented nerve to the abdominal
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oblique muscle is bimodal, one peak, (6-3 ̂ u), being in 
the Group II range, the other, (14-16 /a), in the Group 
I range.
Whole Nerves to Muscle

Since Sherrington's work (1394-95), it has ber- 
come well accepted that nerves to muscle include af
ferent as well as efferent nerve fibers.

Fernand and Young (151) have studied whole 
nerves to muscle in the rabbit using Flemming's 
solution as a fixative and Weigert's stain. Their 
frequency distributions are at 2 /u intervals. On the 
basis of the size frequency distribution of the myelin
ated fibers in the nerves, they have subdivided nerves 
to muscle into two types: unimodal and bimodal. The 
former have a single mode of distribution, contain few 
small or large caliber fibers, (i. e., less than 6 yu or 
greater than 14 yu), and are found as the nerves to 
various muscles of the head and neck. Bimodal nerves 
have a two peaked frequency distribution, contain many 
small and large caliber fibers, (i.e., less than 6 /u 
and greater than 14 /a), and occur as the nerves to limb 
muscles, the extrinsic ocular muscles, and the anterior 
belly of the digastric muscle.

The nerve to the medial head of the gastroc-
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nemius muscle has been examined in the rat, rabbit, and 
sheep by Quilliam (»56). He used Flemming's solution 
as a fixative and stained the myelin sheaths with 
Kultschitsky's hematoxylin. The frequency distribution 
was constructed at 2 ¡a intervals. The nerves were 
bimodal in each animal and the group of smaller fibers 
was not as predominant as the larger fiber group. The 
position of the peaks of the nerve to the medial head 
of the gastrocnemius muscle in the rat, rabbit, and 
sheep is as follows: 4-6 yu and 10-12 yu; 6 -8 yu and 16- 
18 yu; 4-6 /u and 18-20 /u, respectively.

Hagbarth and Wohlfart ('52) have studied whole 
nerves to some cat hindlimb muscles: medial head of 
the gastrocnemius, soleus, and tibialis anterior. They 
used osmium tetroxide to stain myelinated nerve fibers 
and plotted their frequency distribution curves at 
intervals of 1 u . The nerves to the medial head of the 
gastrocnemius and the soleus muscles have a bimodal 
distribution, the peaks being at 5 - 6 yu and 14-15 yu;
4-5 yu and 12-13 yu, respectively. In both of these nerves 
the larger fiber group is predominant. The tibialis 
anterior muscle nerve, however, is trimodal with peaks 
at 1-3 yu, 7-9 ai, and 12-14 /a. The smallest fiber group 
is predominant in the nerve to the tibialis anterior
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muscle•
Peinstein et, al. (’55) have studied nerves to 

human muscles using osmium tetroxide to stain myelin 
sheaths. Histograms are at 1 /u intervals. They report 
a bimodal distribution for the nerves to the platysma,
(3-4 /u, 9-10 +i), brachioradialis, (5-4 /a, 12-13 u), 
first lumbrical, (3-4 fa, 9-10 /a), anterior tibial,
(5-6 /u, 13-14 /u) , and the medial head of the gastroc
nemius muscle, (5-4 ja, 11-12 • The nerve to the first
dorsal interosseus muscle is trimodal with peaks at 
4-5 /u, 10-11 /u and 14-15 ,u- The smallest fiber group, 
3-7 ax,  of the latter nerve is the most predominant.
They state that in a mixed nerve to muscle, a bimodal 
frequency distribution is usually found because of the 
greater percentage of efferent fibers, (which are 
bimodal), compared to the afferent fibers, and, in 
addition, the medium sized group of afferent fibers is 
small.

Gushima (* 60) has studied nerves to muscles of 
the cat's forelimb. He used Kultschitsky's hematoxylin 
to stain myelin sheaths and he has plotted his caliber 
spectra at 1 ax intervals. He states that histograms 
of branches to muscle from the musculocutaneous, median, 
ulnar and, perhaps, radial nerves are trimodal. Spikes



are present at 3-5 /u, 8-10 ju, and 14-16 /a. It is 
proposed that these fiber groups are related to muscle 
sense, tonic movement, and phasic movement, respectively 
The modes are of increasing size as the fiber diameter 
increases. The percentage of fibers greater than 14 m  

is at least 30 per cent for all nerve branches to muscle 
except for the branch from the radial nerve where it is 
about three per cent.

Wasano e t al (* 62) have studied various nerve 
branches to muscle in several different animals. Histo
grams are constructed at 1 /u intervals and Kultschit- 
sky's hematoxylin was used as the myelin stain. A 
muscular ramus of the tibial nerve studied in the cat, 
rabbit, monkey and. man is always bimodal with the peaks 
being: 6-7«, (10.9%) , and 14-15 /U, (8.4%) ; 6-7/a,
(6.9%), and 14-15 yu, (17.2%); 7-8 m , (11.3%), and
13-14 /U, (12.2%); 4-5 ax, (15.8%), and 9-10 /u, (12.8%), 
respectively. A branch of the musculocutaneous nerve 
to muscle is trimodal in the cat, (3-4 /u, 2.7%; 8-9 yu, 
7.1%; 15-16 ai, 12.2%), and bimodal in man, (4-5 ai,
20.6%; 11-12 u, 8.8%). A similar situation is found 
comparing a branch to muscle from the median nerve in 
the cat, (4-5 yu, 5.6%; 7-8 yu, 7.7%; 15-16 /u, 14.2%) 
and man, (3-4 n, 10.5%; 11-12 /u, 13.1%). In the

9



monkey, a branch to muscle from the radial nerve is 
trimodal, (3-4 Ai, 9%; 6-7 /u, 10%; 13-14 Ai, 9.2%) . A  

muscular ramus of the ulnar nerve in man was bimodal, 
(3-4 Ai, 11.6%; 12-13 Ai, 13.5%) .

Histograms constructed at 1 yu intervals have 
been published for osmium tetroxide stained nerve 
fibers to the cat popliteus, gastrocnemius, (medial 
head), and soleus muscles, (Boyd and Davey 162).
They are bimodal with peaks at 4-5 ai, and 15-16 Ai;
4-6 Ai, and 12-13 ai; 4-5 Ai, and 9-10 Ai, respectively.

Sears ('64) shows the external intercostal 
nerve of the cat to be bimodal. Peaks are at 4-6 Ai, 
and 10-12 His histograms are constructed at 
intervals of 2 ai and osmium tetroxide was used to 
stain myelin sheaths. He assumes that fibers greater 
than 16 ai in diameter in the normal cat intercostal 
nerves are to muscle, but the nerve fibers may be 
either afferent or efferent.
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REFLEX PATHWAYS
Sherrington ( ’06) was among the first to 

make an organized study of spinal reflexes, his work 
being primarily on cats and monkeys. Within the past 
twenty years, a detailed follow-up of his work has 
been undertaken.

Monosynaptic excitation of motoneurons is by 
Group la primary afferent fibers only. These fibers 
monosynaptically activate motoneurons supplying the 
muscle from which the sensation originated, (homonon- 
ymous), as well as synergists of that muscle, (heter
onymous), (Lloyd 146; Eccles, Eccles and Lundberg 157). 
The pattern of monosynaptic connection with motoneurons 
by Group la fibers has been studied by intracellular 
monitoring of the excitatory postsynaptic potential, 
(EPSP). This allows a quantitative measure of a moto
neuron’s receptor field, (Brock, Coombs and Eccles '53; 
Eccles ’62). Using the concept of the myotatic unit 
as postulated by Lloyd (’46), heteronymous excitation 
of motoneurons is always about one-half the size of 
homononymous activation, and, occasionally, it may be 
more, (Eccles and Lundberg *58). Muscles operating 
across two joints act as if they belong to the myotatic 
unit proper to each and may be thought of as a bridge
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between myotatic units, (Lloyd '46). Extensor muscles 
of a single myotatic unit take part in a complex heter
onymous la activation with extensor muscles acting on 
adjacent joints, (Eccles and Lundberg 153). Tonic 
postural motoneuron pools have an average of about 
fifty per cent more la activation than their phasic 
synergists, (Eccles, Eccles and Magni *60). In sum
mary, motoneurons have monsynaptic connections with 
only one type of primary afferent fibers, Group la.
Such connections are always excitatory. Monosynaptic 
connections to motoneurons exist between synergistic 
muscles at a single joint, and, as an extension of 
the original concept of the myotatic unit, to certain 
muscles acting across adjacent joints.

Romanes (*51) has studied the location of 
lumbosacral nuclear groups innervating specific mus
cles of the cat hindlimb. This provides a good basis 
for detailed and accurate physiological and anatomical 
investigation of the cat lumbosacral cord.

Distribution of collaterals of Group I mono
synaptic dorsal root fibers to motor nuclei in the 
cat lumbosacral region has been described by Sprague 
('58). Dorsal roots were sectioned unilaterally prox
imal to the ganglia, and degenerating fibers were

s
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stained with silver by the La idlaw modification of the 
Nauta silver technique. Section of the fifth lumbar 
dorsal root showed degeneration confined largely to 
the fifth lumbar segment, particularly to nucleus 3 

and the medial ventral nucleus. Mild degeneration 
was traced to the medial ventral nucleus of the fourth 
lumbar segment. Dorsal root fibers from segment 
lumbar six were found to project to all nuclear groups 
of that segment being, mild to the medial ventral nuc
leus. In addition, they project to nucleus 3 and the 
border cell nucleus in segment lumbar five, and to 
nuclear groups 6, 5, 4 and 1 in segment lumbar seven, 
and nuclear group 6 in segment sacral one. Dorsal 
root fibers from, segment lumbar seven project to all 
nuclear groups in that segment, but only mildly to the 
medial ventral nucleus when it is present. Projections 
to segment lumbar six are as follows; lower lumbar six 
- to nuclear groups 5, 4, 3", 3', 3, 2 and 1; middle 

lumbar six - to nuclear group 3’; upper lumbar six - to 
nuclear group 5. Dorsal root fibers project also to 
nuclear groups 6 and 1 in upper sacral one segment, and 
to nuclear group 6 in upper sacral two. Dorsal root 
fibers of segment sacral one project primarily to the
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medial ventral nucleus of that segment. Dorsal root 
fibers of segments sacral two and three project to the 
medial ventral and medial dorsal nuclei of their 
respective segments. These dorsal root segments, (i.e. 
sacral two and three), also project contralaterally via 
the dorsal and ventral gray commissures. This analysis 
has led to the conclusion that monosynaptic connections 
of dorsal root fibers to motoneurons extends two seg
ments above and below the cut roots of lumbar six or 
seven, two above and one below the cut roots of sacral 
one, and one above and three below dorsal root lumbar 
five, (Sprague and Ha 164).

Group la fibers from a muscle often have an 
inhibitory effect on the motoneuron pool for antag
onists of that muscle, (LaPorte and Lloyd ’52). Though 
inhibitory action of la fibers is most commonly di
rected toward antagonists, there are exceptions to the 
rule, (Eccles *62). As opposed to the pattern of Group 
la excitation and inhibition, Group lb primary afferent 
fibers from a muscle inhibit the motoneurons of that 
muscle as well as its synergists, and are excitatory 
to antagonists of the muscle, (Granit »50; LaPorte and 
Lloyd «52). This action of Group lb fibers is true 
only for those coming from extensor muscles, (Eccles

i:
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’62). Since only la fibers are monosynaptic to moto
neurons and these connections are always excitatory, 
the actions of inhibition by Group la fibers and exci
tation and inhibition by Group lb fibers must be 
mediated via at least one interneuron. Motoneurons may 
be activated disynaptically by Group la primary af
ferent fibers, (Tsukahara and Ohye ’64).

It would be well at this point to consider inter
neurons as they pertain to spinal reflexesj internuncials 
have been classified in two ways. Depending on whether 
interneurons are mono- or disynaptically activated by la, 
lb fibers or both, they are typed as A, B, or AB,
(Eccles, Eccles and Lundberg '60; Eccles *62). The 
other method of classifying interneurons depends on 
whether they are excitatory or inhibitory in action. 
Excitatory A and B type interneurons which activate moto
neurons are known to occur. In fact, the trisynaptic 
excitatory relays to antagonist muscles are the most 
common mode of action of lb volleys to motoneurons, 
(Eccles, Eccles and Lundberg ’57, *50) . Inhibitory A
and B type interneurons which, are directed toward moto
neurons are also known, (Eccles and Lundberg *58; Eccles, 
Eccles and Lundberg *57). A special type of inhibitory 
interneuron which acts on the primary afferent terminals
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is known to exist. These produce a depolarization by 
synaptic action of the primary afferent terminals result
ing in a lessening of primary afferent excitatory action 
and have been termed presynaptic inhibition, (Frank and 
Fuortes ’57). Presynaptic inhibition is known to effect 
primary afferent fiber terminals of all myelinated dor
sal root fibers, (i.e., Group I muscle afferents, Group 
II and III joint, skin and muscle afferents), Eccles 
’62). The various patterns of presynaptic inhibition 
known to occur ipsilaterally include: muscle afferents 
onto muscle afferents, (Eccles, Eccles and Magni 161; 
Eccles, Schmidt and Willis *63a,b,c), cutaneous onto 
cutaneous, (Eccles, Schmidt and Willis * 63d; Eccles, 
Kostyuk and Schmidt *62a,b), muscle afferents onto 
cutaneous and cutaneous onto muscle afferents, (Eccles, 
Schmidt and Willis * 63d). . Presynaptic inhibition is 
also known to occur contralaterally, (though usually not 
as potently as the ipsilateral effect), as follows: 
cutaneous onto cutaneous, (Eccles, Holmqvist and Voor- 
hoeve * 64a), muscle afferents onto cutaneous, (Eccles, 
Holmqvist and Voorhoeve 164b). Contralateral lb 
volleys did not effect a presynaptic inhibition in 
cutaneous terminals as they do ipsilaterally.

Group II and III fibers of flexor and extensor
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muscles and from skin are known to be those responsible 
for the flexor reflex. Their pathway to motoneurons is 
via at least one interneuron and they are excitatory to 
flexor muscles and inhibitory to extensor muscles, 
(Lloyd '43b, *46; LaPorte and Lloyd *52). Little is 
known from intracellular monitoring as to how volleys 
in Group II and III fibers affect interneurons and 
motoneurons.

Sprague and Ha (164) have reported the terminal 
distribution of collaterals of dorsal root fibers in 
the lumbosacral region of the cat spinal cord. Their 
description has been related to the cytoarchitectural 
laminae described by Rexed (’52, 154). After dorsal
root section, degenerating fibers are seen in the 
dorsal white column. Larger fibers from all except 
the medial part of the dorsal fasciculus send col
laterals which penetrate the dorsal horn. These 
fibers of passage traverse the medial two-thirds and 
curve around the medial side of laminae I, II and III 
to form a dense plexus in lamina IV. Fibers curve up
wards from lamina IV and end in bushy arborizations in 
laminae II and III. Degenerating fibers are also 
found in the medial half of the dorsolateral fas
ciculus, and they retain this position, (see also
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Earle *52). Collaterals of the dorsolateral fasciculus 
fibers send collaterals into laminae I, II, and III. 
These authors indicate that the fibers of the dorso
lateral fasciculus ascend and descend three segments 
from the segment of entrance, but in a greatly 
diminished number. Fibers pass through lamina IV to 
terminate in laminae V and VI, particularly in the 
central and medial parts of these laminae. The lateral 

of laminae V and VI are nearly free of terminal 
degeneration in the lumbosacral region. Some degener
ating fibers stream through lamina VI to pass into the 
ventral horn in a radial fashion. Fibers are seen 
going to the medial and lateral motor nuclei, to the 
interneurons of lamina VII and to lamina VIII. Sprague 
and Ha believe physiological studies investigating the 
location of cord focal potentials set up in the sixth 
and seventh lumbar segments by cutaneous and muscle 
afferents, (Combs, Curtis and Landgren *56; Eccles,
Fatt, Landgren and Winsburg *54; Eccles, Eccles and 
Lundberg *60), are in good accord with their study of 
dorsal root fiber distribution. The pattern of af
ferent fiber distribution is summarized as follows; 
large and small cutaneous fibers terminate primarily 
in laminae IV and V, respectively; Group la and b



Group IIIfibers terminate chiefly in 
muscle afferents in laminae

laminae VI; 
V and VI.
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MATERIALS AND METHODS
A total of nine normal adult cats has been used 

for this study. Five animals under pentabarbi tal 
sodium anesthesia were exsanguinated and perfused by way 
of the ascending aorta with isotonic 10% formaldehyde, 
(Koenig, Groat and i/iindle '1+5). The nerves of these 
cats were then dissected out and placed in 10% formal
dehyde for 21+ hours. Nerves of three other cats were 
dissected free, slightly stretched on cardboard frames 
and fixed by immersion in isotonic formaldehyde for 
21+ hours. In the remaining cat, the nerves were dis
sected free, stretched on cardboard frames, immersed 
in Flemming’s solution, (osmium tetroxide and chro
mic acid), and kept refrigerated for 21+ hours,
(Fernand and Young *5l). All nerves fixed in formal
dehyde were chromated for from 6 -1 2 days in a 5% 
potassium dichromate solution, (Rexed * 1+1+; Baker *50). 
The fixed and chromated nerves were washed in running 
tap water for 21+ hours, dehydrated, cleared and embed
ded in paraffin. Sections were cut 5-7 ai thick on a 
rotary microtome, floated on a water bath and picked 
up on slides previously prepared with Mayer's albumin 
tissue adhesive.

CHAPTER II

c
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Myelin sheaths of formalin fixed nerves were 
stained with either sudan black B or eosine yellow 
counter-stained with methyl blue, (Chiffel and Putt »51, 
Sjoqvist '38). The osmium fixed and stained material, 
(Fleming’s solution), was counterstained with light 
green.

Some sections were photographed on 35 mm High 
Contrast film, (Kodak). Prints were made, and counting 
and measuring was done on the print. Final magni
fication was Xit-OO. Other sections were photographed 
on four by five sheets of Contrast Process Ortho, 
(Kodak), or Plus-X pan, (Kodak). Prints were not made 
from the Sheet film; counting and measuring was 
directly from the negative. Final magnification was 
X943. One ulnar nerve and six of the branches were 
counted and measured by superimposing over the print 
of the nerve fiber transparent graph sheets, (Dietzgen, 
Keuffel andEsser), calibrated to a millimeter. The 
majority of fibers were counted and measured using a 
semi-automatic counting and measuring device a TG-Z 
particle size analyzer, (Zeiss), (Romero-Sierra and 
Skoglund *63). The method of using the particle size 
analyzer enabled measurement of fiber diameters from 
0.9-30.0 u in diameter. The size range of the analyzer
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is divided into 1+8 equal parts, so that measurement of 
a particular fiber is scored in one of the 1+8 windows 
of the machine depending on the fiber’s size. In 
addition, the measured fiber is added in a separate 
window to the total number of fibers counted. Con
version of the mid-value, (M), of the individual 
categories, (each represented in a separate window), 
from millimeters to microns is easily performed by 
multiplying a variable value(X, which depends on the 
type of measuring system of the analyzer), by a con
stant value, (K, which depends on the magnification of 
the photographic representation of the fibers being 
measured), (table 2). In both methods a hole was 
punched through the counted and measured fiber so that 
fibers were not considered more than once. All mye
linated nerve fibers of each nerve were counted and 
measured.

Four types of nerves were examined: mixed 
nerve, (i.e., the ulnar nerve), branches to skin only, 
branches to muscle only, branches to muscle and joint. 
Every nerve was taken from the left upper extremity. 
Four ulnar nerves have been studied. The ulnar nerves 
were taken from the lower one-third of the arm before 
they gave off any branches. Eight branches of the
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ulnar nerve to the ulnar and humeral heads of the flexor 
carpi ulnaris have been used as branches to muscle. The 
ulnar head of the flexor carpi ulnaris muscle was always 
innervated by a single branch leaving the ulnar nerve in 
the proximal one-third of the forearm. The humeral head 
of this muscle received either one or two branches from 
the ulnar nerve. The constant branch to the humeral 
head left the ulnar nerve in the proximal one-third of 
the forearm. When present, the second nerve to this 
head left the ulnar nerve in the middle one-third of 
the forearm. Three cutaneous nerves were studied. One 
of these, the dorsal cutaneous nerve or opisthener nerve 
was taken from the flexor side of the distal one-third 
of the forearm. The other two cutaneous nerves were 
dorsal digital branches to the ulnar side of the fifth 
digit and were taken from the dorsal surface of the 
paw. Two nerves that supply muscle as well as the 
humero-ulnar joint were examined. There is a constant 
muscle in the cat which originates from the medial edge 
and posterior surface of the bony bar enclosing the 
supracondylar foramen of the humerus and inserts on the 
medial border of the olecranon just distal to the 
insertion of the long head of the triceps brachii.
This muscle is called the short portion of the medial
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head of the triceps brachii, (Reighard and Jennings 
’0 1), and is innervated by a branch of the ulnar nerve. 
This same nerve branch, if carefully dissected, is seen 
to send fine nerve twigs which often accompany blood 
vessels to the posterio-medial part of the humero-ulnar 
joint.
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CHAPTER III 

RESULTS
Ulnar Nerves

Myelinated fibers of four ulnar nerves taken 
from the lower one-third of the arm have been completely 
counted and measured. Three stains have been used: 
sudan black B, (5L1), osmium tetroxide, (16L1), and 
eosine yellow, (8L1, 12L2). Counts and measurements 
were made on the particle size analyzer except for one 
nerve, (8L1), on which the procedure of superimposing 
the calibrated graph sheet was used.

The number of myelinated fibers in these nerves 
varied between 8,054 and 9#4-09. The size range of the 
fibers is from 1.3-18.7 yu. Histograms of each nerve 
show a bimodal frequency distribution. There is a 
group of small fibers between 2 -6 /u and another more 
pronounced group in the 8-14 M range. When plotted at 
2 /U intervals, the peak in the former group never ex
ceeds 20 per cent of the total number of myelinated 
fibers, while the larger fiber group peak always ex
ceeds 20 per cent, (figs. 2 ,3 ).

In order not to bias the results to favor 
bimodality, the graphs were plotted in several ways.

m
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Size at intervals of one or two microns were plotted 

against percentage. Also, when the fibers were counted 
and measured on the particle size analyzer, the fibers 
in every two consecutive categories on the machine were 
plotted against percentage of the total fiber population 

fibers from categories one and two are represented 
by column "a", three and four by column "b", etc. (table 
2 ) .

-Results obtained from individual ulnar nerves 
are as follows. Ulnar nerve 5L1 had 9,409 myelinated 
nerve fibers. These ranged in size between 1.6-18.6/u. 
The small and large fiber peaks were at ¿¡,-6 ja, (15.9% ), 

10-12 /a, (21 .8% ), respectively. Ulnar nerve 8LI con
tained 8,637 myelinated fibers ranging in size between 
2-17.9 M . One fiber peak was at 2-4 m , ( 1 7 . 8%), and 
another was at 1 0 -1 2 /a, (21 .7% ). There were 8,054. 
myelinated fibers in ulnar nerve 16L1. Sizes ranged 
from 1.7-18.7 M. The peak of smaller fibers was at 
4 - 6 (17 .0% ), while the larger fiber peak was between
8-10 yu, (33.7#). In ulnar nerve 12L2 there were 8,715 
fibers. The sizes ranged between 1.2-18.3 /a. Fiber 
peaks were at 4-6 n , (19.2%), and 8-10 ja, (27.7%).
Nerves to Muscle

Eight branches to muscle from the ulnar nerve



67.

have been counted and measured. Three of these were 
branches to the ulnar head of the flexor carpi ulnaris, 
(3B5 , 8L5 ), 1 2L5 ), and the remaining five were to the 
humeral head of the flexor carpi ulnaris, (3 L8 , I4.L8, 
12L8, 3L9, 12L9). All of these nerves were stained 
with sudan black B. Branches 121,5* 12L8, 3L9, 12L9 
were counted on the particle size analyzer, the others, 
(3L5, 8l5, 3 L8 , i+L8 ), by superimposing a calibrated 
graph sheet.

The number of fibers in the nerves to the ulnar 
head varied between 115-319. Fibers ranged in size 
between 1 .6-2 2 .1 m with extremely few being greater 
than 18 yu. The caliber spectra are bimodal when these 
fibers are plotted at 2 yu intervals, but trimodal when 
plotted at 1 m  intervals or categorically. In the 
former case, one group of fibers is at 2 -8 ai and an
other at 1 0 -1 8 <u, the lesser frequency between the two 
groups of fibers is always found between 8-10 yu. How
ever, when the fibers are plotted at 1 /a intervals or 
categorically, there are fiber groups at 2-ip yu, 5 - 9 w 
and 1 0 -1 8 ju, (figs. Ip,5 ).

The number of fibers in the nerves to the 
humeral head of the flexor carpi ulnaris varied from 
!p05-735. The fiber size range was from 1.6-22.0 yu,
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but very few fibers larger than 18 ,u are present. When 
plotted at 2 /j. intervals, the caliber spectra were bi- 
modal and sometimes trimodal. In the former case, 
fiber groups were present at 2-4 /u and 1 0 -1 8 /U, when 
a third fiber group was seen it was constantly at 
6-8 /a. Three peaks of fibers are always seen when the 
fibers are graphed at 1 yu intervals or categorically 
at intervals of two. These groups are at 1-4 ¡a, 5-9 M 

and 10-17 /U. The group of fibers in the 10-17 /U range 
is consistently predominant, (figs, 6-9).

Data for individual nerves to muscle will be 
found in table 1.
Cutaneous Herves

Three cutaneous nerves stained with sudan black 
B have been counted and measured with the particle size 
analyzer. Two, (20Ldd, 23Ldd), and dorsal digital 
nerves to the ulnar side of the fifth digit and one, 
(l8Ldc), the dorsal cutaneous branch, (opisthenar), 
of the ulnar nerve.

The number of fibers in the dorsal digital 
nerves was 774-845» while the dorsal cutaneous branch 
of the ulnar had 2,516 fibers. The range of fiber size 
is from 2.2-17,9 yu, but there are few fibers larger 
than 14 Ax. A consistent pattern of bimodality is evi
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dent no matter what method of graphing is used. A small 
fiber group at J4.-6 u is always present, but of a lesser 
percentage than a larger fiber group at 8-12 yu. A  

lesser frequency of fibers between these two groups 
always occurs at 6 -8 fa, (figs, 1 0,1 1 ).

Data for individual cutaneous nerves will be 
found in table 1 .
Nerves to Muscle and Joint

Two nerves going to the short portion of the 
medial head of the triceps brachii muscle and the 
humero-ulnar joint were counted and measured by using 
the transparent graph sheet. Staining was with sudan 
black B .

There were 258 fibers in one nerve, and 2?8 in 
the other. Fibers ranged in size from 2-17.9 /U. Graph
ed at 2 yu intervals, the spectrum is bimodal. Here the 
smaller fiber group at 2 -8 /a predominates over the 
larger group of fibers from 1 0 -1 6 u. Fibers are rela
tively few at 8-10 /U. When graphed a 1 m  intervals, 
three fiber groups are seen, (2-4 /u, 5-9 /u and 1 0 -1 8 /u), 
(fig. 1 2 ).

Data for individual nerves to muscle and joint 
will be found in table 1 .
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CHAPTER IV 

DISCUSSION
Ulnar Nerve

Counts and measurements of myelinated fibers 
of four adult cat ulnar nerves have revealed that the 
caliber spectra are bimodal with one group of fibers 
being between 2-6 yu and the other between 8-llp/u.
Only one other report on the caliber spectra of whole, 
mixed limb nerves has been found in the literature. 
Colosi (’65) studied myelinated fibers of the obtu
rator nerve of newborn and adult humans. He found 
in the newborn the number of fibers was about 7,000 
with the size range being from 2-10 m . These nerves 
had a unimodal size frequency distribution with the 
peak at ip n. In the adult, the number of fibers was 
6,000-7,000, ranging in size from 2-19 M . The size 
frequency distribution in the adult, however, was 
bimodal. He does not give the position of the two 
major frequencies in the human adult obturator nerve. 
Mohiuddin ('5D has similarly reported that the num
ber of fibers in the inferior alveolar nerve of the 
cat, (about 5 ,6 8 0), does not increase during post
natal growth. However, the caliber spectra of this
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nerve changes from a unimodal pattern at birth, (peak 
about I4. yu)» to a bimodal distribution in the fully 
grown cat. In the adult, one mode is at I4. yu and the 
other at about 10 ai; the total fiber size range being 
from 2-17«b /u. Hexed ( '44), too, has described a 
change in the caliber spectra of myelinated fibers in 
human dorsal and ventral roots during postnatal de
velopment. The myelinated fibers undergo a distri
bution change occuring primarily during the first 
five years after birth. The root fibers are unimodal 
at birth, and gradually become bimodal.

1'he cat ulnar nerves used for this study show 
a variation oi about fifteen per cent in the number 
of myelinated fibers. Similar variations have been 
reported for the number of fibers of the same nerve 
from specimen to specimen and even from side to side 
of the same specimen, (Sherrington 1894-95, Fernand 
and Young * 51» Colosi *65)• Difference in the number 
of fibers in a nerve at different proximo-distal 
levels is also known to occur, (Eccles and Sherrington 
'30; Feinstein et. al. »55). In addition to these, 
there is another possible source of variation in the 
fiber number for the ulnar nerve. The median and 
ulnar nerves are known to have a variable distribution
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as regards innervation of structures of the hand, 
(Gassel ' 64). This variability is more frequent as one 
goes from higher to lower classes in the animal king
dom, (Harris ’39). It will be realized then that 
structures of the paw often innervated by the ulnar 
nerve may be innervated by the median nerve in some 
of the cats used in this study. This could be a pos
sible source for the fiber number variance found for 
the ulnar nerve. There is a constant communication 
in the forearm between the median and ulnar nerves in 
the cat. It would not be surprising if the number of 
fibers in this communication was variable and could 
offer a reason for the different number of myelinated 
fibers found in the cat ulnar nerve. In the light of 
these facts, a fifteen per cent fluctuation in the 
number of myelinated fibers is reasonable.

Since the whole is the sum of its parts, it 
would be expected that the size frequency distribu
tion of the ulnar nerve will reflect that of Its 
branches. Though only a few of the total number of 
ulnar nerve branches have been used in this study, 
the fiber peaks and valleys of the branches do gener
ally reflect the caliber spectra of the ulnar nerve. 
Branches of the ulnar nerve to muscle, joint and skin
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have the greatest percentage of fibers at 2-7 /u and 
at 9-16 /u. Similarly, the ulnar nerves have two major 
groups of fibers, one at 2-6 m , the other at 8-12 /u.
It will be realized then that a smaller percentage of 
fibers is found in the ulnar nerve and its branches 
at approximately 6-9 M, (figs . 2,1+,10,12).

Comparing the percentage of fibers larger 
than 11+ /u in the nerves to muscle, (about per cent), 
and skin, (about one per cent), one sees that few fibers 
larger than 11+ ,u are cutaneous. The majority of fibers 
larger than 11+ +1 in the ulnar nerve could be considered 
as afferent or efferent nerve fibers to muscle, (figs.
k , 1 0 ).

Though this study does not include nonmyelin
ated nerve fibers, mention of them is in order. Benoit 
( '62) counted 4.,1+12 nonmyelinated postganglionic sym
pathetic fibers in the ulnar nerve at mid-arm level and 
l+i313 3-t the wrist of the same cat. No information has 
been found on the number of nonmyelinated fibers of 
dorsal root origin present in the ulnar nerve. It 
follows from counts of the myelinated fibers of the 
cat ulnar nerve given in this paper that nonmyelinated 
fibers in the ulnar nerve at mid-arm level constitutes 
a minimum of one-third of the total population. Most
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of these nonmyelinated postganglionic fibers are distri
buted in the paw probably to blood vessels and sweat 
glands.
Nerves to Muscle

The nerves to the flexor carpi ulnaris have a 
bimodal distribution when plotted at 2 /u intervals. 
Occasionally, a hint of a third peak is seen in these 
nerves when plotted at 2 /u intervals, (figs. 7,8).
If the ulnar nerve size frequency distribution is com
pared with that of its branches to the flexor carpi 
ulnaris when both are plotted at 2 /u intervals, it may 
be seen that there is a better separation of the peaks 
in the nerve to muscle. The larger fiber peak in the 
branches to muscle is at a slightly higher diameter 
and the smaller peak at a slightly lower diameter than 
the corresponding peaks of the ulnar nerve caliber 
spectra. In the nerve branches to muscle the lower 
frequency of fibers between the two major groups is 
usually at 8-10 /u, while the low frequency in the 
ulnar nerve is always between 6-8 m , (figs. 2,4.) .

A trimodal size frequency distribution always 
results if the nerves to the flexor carpi ulnar is 
muscle are plotted at 1 /a intervals or categorically, 
(figs. 4,5,6,9).
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It appears that whole nerves to limb muscles 
may be either bi- or trimodal depending on the method 
of graphing the caliber spectra, and, possibly too, 
depending on the type of animal and whether the nerve 
is- located in the upper or lower extremity.

It is clear that trimodality in muscle nerves 
rarely appears when histograms are constructed at 
intervals of 2 ju. Even when a trimodal distribution 
is present at 1 ju intervals, it is usually lost if 
these histograms are re graphed at 2 fa intervals,
(fig. I).).

Evidence for trimodality of whole limb muscle 
nerves has been presented for only one hindlimb mus
cle, the tibialis anterior, in the cat, (Hagbarth and 
Wohlfart ’52). There is more evidence of a trimodal 
pattern of nerves to upper or foralimb extremity mus
cles: muscular branches of the musculocutaneous, 
median and ulnar nerves of the cat, (Gushima «60); 
first dorsal interosseous muscle of man, (Peinstein 
et al. *55); muscular branches of the musculocutan
eous and median nerves of the cat and a muscular branch 
of the radial nerve of the monkey, (Wasano et. al. «62).1

•̂ If one compares the histograms of the muscular branches of the musculocutaneous and median nerves of 
the cat as published by Gushima(«60) and Wasano et. al.
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One would expect, then, that forelimb nerves to 
muscle tend to have a trimodal pattern when graphed at 
1 yu intervals . This, however, may depend on the animal 
from which the nerves are taken. Wasano e t. al. («62) 
show distinctly bimodal patterns for muscular branches 
of the musculocutaneous, median, and ulnar nerves of 
man. Feinstein (*55) shows a like frequency distri
bution for the nerves to the brachioradialis and first 
lumbrical muscles in man.

The three groups of fibers in the nerves to 
muscle seen when the caliber spectra are plotted at 1 yu 
intervals or categorically may be classified as regards 
their probable function, (Lloyd «i+3a; Boyd and Davey 
’62). The group of smallest fibers, (1-5 fa ) , should 
include gamma thin efferent, (2-lf. ¡a) $ and Group III 
afferent, (2-5>u), fibers. The group of largest fibers, 
10-20 yu), would include alpha efferents and Group la and 
lb afferent, (12-20 ai), fibers. The intermediate group, 
(5-10 M )» appearing when the fiber population is plotted 
at 1 M intervals or categorically would include gamma

(«62), an exact quantitative correspondence is found.It Is highly likely that these are not two separate 
fiber analyses. Gushima evidently did work in Wasano's 
laboratory, (Gushima «60), and although Wasano et. al. 
include Gushima«s name in their bibliography, they do not cite him in their text.
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t h i c k  e f f e r e n t ,  (5-8 m ) , a n d  G r o u p  II a f f e r e n t ,

(5-12 m )» f i b e r s .  L l o y d  ( f1^3t>) has s u g g e s t e d  that 

s t i m u l a t i o n  of G r o u p  II f l e x o r  m u s c l e  a f f e r e n t s  is 

r e s p o n s i b l e  for the c r o s s e d  e x t e n s o r  t h r u s t  r e f l e x  i n  

cats. This r e f l e x  is k n o w n  to be r e l a t i v e l y  sl i g h t  

f o r  the h i n d l i m b s  a n d  p r o n o u n c e d  i n  the f o r e l i m b s ,  

( D e n n y - B r o w n  a n d  L i d d e l l  *28; L l o y d  »lp3b). T h i s  m a y  

a ccount, i n  p a r t ,  for the f a c t  t h a t  a t h r e e  p e a k  

s p e c t r u m  h a s  n o t  b e e n  s e e n  in the cat h i n d l i m b  n e r v e s  

to m u s c l e  e v e n  w h e n  g r a p h e d  at 1 yu i n t e r v a l s ,  »Wasano 

et. a l . *62). It is s u g g e s t e d  t h a t  G r o u p  II m u s c l e  

a f f e r e n t s  a r e  m o r e  a b u n d a n t  i n  the n e r v e  to the f l e x o r  

c a r p i  u l n a r  is m u s c l e  i n  the cat a n d  r e s p o n s i b l e  for 

the p r o m i n e n c e  of the f i b e r  g r o u p  s e e n  at 5 - 8  yu, (figs. 

6,9).

C u t a n e o u s  N e r v e s

C a l i b e r  s p e c t r a  of the c a t  f o r e l i m b  c u t a n e o u s  

n e r v e s  s t u d i e d  show t h a t  the f r e q u e n c y  d i s t r i b u t i o n  is 

b i m o d a l  w i t h  g r o u p s  at 2 - 6  yu a n d  8- 1 2  yu. F e w  f i b e r s  

g r e a t e r  than lip yu are p r e s e n t . T h i s  p a t t e r n  c o r r e

sp o n d s  c l o s e l y  w i t h  that f o u n d  b y  G u s h i m a  (»60) a n d  

E c c l e s  a n d  S h e r r i n g t o n  (»30) f o r  cat e x t r e m i t y  

c u t a n e o u s  n e r v e s .

T h e  c u t a n e o u s  n e r v e s  s h o w e d  a d e f i n i t e  b i m o d a l
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arrangement whether graphed at 2 « or 1 /u intervals or 
categorically* (figs. 10*11).

If the caliber spectra of a cutaneous and 
ulnar nerve plotted at 2 ¡a intervals are compared, it 
will be seen that there is a very close similarity.
The 6-8 ju interval is the position of relatively fewer 
fibers between the peaks in both the cutaneous and 
ulnar nerves. The ulnar nerve caliber spectra more 
closely correspond to the cutaneous nerve frequency 
distribution than to that of the nerves to muscle* 
(figs. 2*10).

In the cat and rabbit, cutaneous nerves con
tain exceedingly few fibers greater than 14 /u, (Eccles 
and Sherrington '30, Gasser and Grundfest ’39, Quil- 
liam 156* Gushima ’60* Sears ’64). The frequency 
distribution of nerve fibers in different cutaneous 
nerves of the same animal is apparently different.
Cat intercostal cutaneous nerves are lacking the 
larger fiber group at 8-12 «. Gushima (’60) has pro
posed that these fibers are concerned with epicritic 
and voluntary deep sensation. In man* cutaneous sensi
bility is much more definitive on the extremity - 
particularly in the hand - than on the trunk. It seems 
that this may be the situation in cats, also.
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In the cat hindlimb larger diameter cutaneous 

fibers are concerned with touch, pressure and hair 
units, while smaller cutaneous fibers are pressure, 
hair unit and nocioceptive receptors, (Hunt and 
McIntyre '60b). Fibers from 8-15 ai would be for the 
former three types of receptors; those from 2-8 m for 
the latter three types.

A trimodal frequency distribution correspond
ing to the triad of sensory endings in the skin by 
Miller, Ralston III, and KaSahara (f58) could not be 
demonstrated for the cutaneous nerves.
Nerves to muscle and Joint

Two nerves supplying the short portion of the 
medial head of the triceps muscle and the humero-ulnar 
joint were studied. The size frequency distribution 
of both was bimodal when plotted at intervals of 2 m , 

but trimodal at 1 m  intervals, (fig. 12). If a com
parison of a nerve to muscle and joint is made with 
the ulnar when both are graphed at 2 « intervals, it 
will be seen that the former shows a better separation 
of peaks. The low frequency of fibers between the 
peaks in the nerve to muscle and joint is between 8-10 ¿a, 
while the corresponding position in the ulnar nerves is 
at 6-8 ai. So, the nerve branch to muscle and joint
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corresponds more closely to the branches to the flexor 
carpi ulnaris muscle than to the cutaneous or ulnar 
nerves, (figs. 2,12) .

It will be noticed that when the nerve to 
muscle and joint is compared with a branch to muscle 
alone, both being graphed at 1 yu intervals, the fibers 
which are in the Group II range, (5-10 jci), are more 
prominent in the former nerve (figs. 4,12). Skoglund 
(’56) has reported that the cat femoro-tibial joint 
receives some Group I  and I I  innervation from intra
muscular nerves. It seems likely that a large per
centage of fibers between 5-9 ai found in the nerves 
supplying the short portion of the medial head of the 
triceps brachii and. humero-ulnar joint may be Group II 
afferent fibers from the joint. Gardner («44) reported 
a fiber group in the 7-10 ,u range for the posterior 
nerve to the cat femoro-tibial joint. He considered 
these to be correlated with the larger number of 
Ruffini-like endings found in the posterior portion of 
the joint capsule. Thilander (*61) found that the 
masseteric nerve branch to the anterior part of the 
temporo-mandibular joint had a bimodal distribution.
The group of larger fibers was in the 6-11 /u range, 
and she suggested that their terminals may be Golgi
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tendon organs.
The name for the muscle being discussed, short 

portion of the medial head of the triceps brachii, has 
been taken from Reighard and Jennings (*01) book on 
cat anatomy. Actually this appellation seems to be 
misleading. The triceps brachii muscle in mammals 
is innervated by posterior division nerve fibers 
usually by the radial nerve. However, the muscle 
under consideration is consistently innervated by a 
branch of the ulnar. The ulnar nerve is a branch from 
the medial cord, which is formed by anterior divisions 
of the brachial plexus. Information regarding this 
muscle was sought in other anatomical texts. There 
does not appear to be a similar muscle in the dog, 
(Miller, Evans and Christensen ’64). Hartman and 
Straus (133} describe a muscle of variable occurence 
in the rhesus monkey originating from the medial 
epicondyloid ridge of the humerus, inserting on the 
olecranon and being innervated by a branch from the 
ulnar nerve. They have named this small muscle epi- 
trochleo-anconeus and claim that it is genetically 
related to the flexor carpi ulnaris muscle. In man, 
a seldom present muscle named the epitroehleo-anconeus, 
(Brash '51), the epitrochleo-olecranonis or the
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anconeus internus, (Shaeffer *53), has been described. 
It is a muscle fasciculus originating from the pos
terior aspect of the medial epicondyle of the humerus 
and inserting on the olecranon. Distinct from the 
distal margin of the triceps brachii, it arches across 
the groove in the ulna for the ulnar nerve and is 
often normally represented in man by a fibrous arch 
extending between the humeral and ulnar heads of the 
flexor carpi ulnaris muscle. This muscle when present 
is innervated by a branch of the ulnar nerve. In 
lower mammals it acts as an adductor of the olecranon. 
The muscle described in this paper as the short 
portion of the medial head of the triceps brachii is 
not a part of the triceps brachii muscle at all.
Rather it is part of the flexor carpi ulnaris muscle.
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CHAPTER V

SUMMARY AND CONCLUSION

Fiber analyses of some cat upper extremity 
nerves have been carried out in this study. The ulnar 
nerve is bimodal; the major fiber groups being at 2-6 ja 

and 8-12 /u.
Muscular branches of the ulnar nerves to the 

ulnar and humeral lie ads of the flexor carpi ulnaris 
are bimodal when graphed at 2 « intervals, the fiber 
groups generally being at 2-10 /u and 10-18 yu. Graphed 
at 1 a x  intervals or categorically, the caliber spectra 
of nerves to this muscle are trimodal, the groups being 
1-4 n , 5-9 u and 10-18 u . It is suggested that the 
intermediate group of fibers seen when graphing is 
done at 1 zu intervals or categorically may be due to 
an increased number of Group II afferents from cat 
forelimb extremity muscles.

The cutaneous branches of the ulnar nerve are 
bimodal graphed at 2 yu or 1 u intervals or categorical
ly. Fiber groups are located at 4-6/u and 8-12 u.

Branches of the ulnar nerve to both muscle and 
joint appear bimodal when graphed at 2 u intervals and 
trimodal when graphed at 1 ju intervals. In the former



84.
case, the fiber groups are at 2-8 ¿u and 10-16 /a, while 
graphing by the latter two methods shows groups at 
2-4 /u, 5-9 ,u and 10-18 /a. The percentage of fibers at 
5-9 /u in nerves to muscle and joint are greater than 
the same group in nerves to muscle only.
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Diameter of f iber

ve n tra l roots

Pig. 1 - Caliber spectra of cervical and thoracic spinal ventral roots. These spectra are from 
the work of others put in a concise form, (see text). 
Ventral root fibers of cervical spinal nerves have 
two major size frequencies, one at about 4 ax, the other at about 12 n . The group of larger fibers 
Thoracic ventral root fibers also have two 
frequencies, one at approximately 3 /u, the 
about 12 ai• The smaller fiber group of thoracic ventral 
roots predominates over the larger fiber group due to 
the preganglionic sympathetic outflow from, the thoracic cord segments. Lumbar and sacral ventral roots have 
caliber spectra that resemble that figured for the cervical ventral root fibers.

predominates. 
major size 
o the rat
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■  2u Intervals

□  lu Intervals

5L1
2 ax,

tig. 2 - Caliber spectra of ulnar nerve graphed at 1 o r 2 ax intervals. At intervals of 
two groups of fibers show major frequencies, a smaller 
fiber group from 2-6 yu and a larger from 6-14 yu. At 
1 ax intervals two groups are present, one from 2-7 ax 
another from. 8-10 ai* The division seen in each of 
these groups at 1/j graphing is probably artificial 
because it was not present in caliber spectra of the other ulnar nerves graphed at 1, yu intervals.
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Category

Pig. 3 - Caliber spectrum of ulnar nerve 5L1, (same nerve as in fig. 4), graphed categorically at 
intervals of two. Two major frequencies of the fibers are seen, one at "a”, the other at "i". The values 
corresponding to "d" are 4.3 - 6.0 /i; those to "i" are 10. / - 11.8 /u.
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D i a m e t e r  o f  f i b e r

■  2u Intervals

□  lu Intervals

Pig. 4 - Caliber spectra of branch of ulnar 
nerve to ulnar head of the flexor carpi ulnaris muscle, 
12L5, graphed at 1 or 2 yu intervals. At 2 a i  intervals 
two major frequencies are seen. One group of fibers 
ranges in size from 2-8 a x , the other from 10-18 xi.
When graphed at 1 yu intervals, three groups of fibers 
are seen. The size ranges of these three groups being: 1-4 /u, 5-8 /u and 10-18 ai• Note the relatively large percentage of fibers 14 /u or larger.



Categor y

Jig. 5 - Caliber spectrum of branch of ulnar 
nerve to ulnar head of flexor carpi ulnaris muscle, 
12 L5, (sarts nerve as fig. 4), graphed categorically 
at intervals of two. Three major frequencies of the 
fibers are seen: "a" - “b”, uf" and ”iu - "0". The 
respective corresponding values are: 1.3 - 3.6 yu,7.1 - 8.3 m and 10.7 - 18.9 /a.
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Fig. 6 - Caliber spectrum, of branch of ulnar 
nerve to humeral head of flexor carpi ulnaris muscle, 
3L8, graphed at 1 yu intervals. Three groups of fibers are clearly evident. The group from 2 - 4 /u should 
include gamma thin efferent and Group III afferent 
fibers, the one from 5-9 ax gamma thick efferent and 
Group II afferent fibers, and the group of large fibers 
from 11-16 yU alpha efferent and Group I afferent fibers.
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|  2u Intervals

B’ig. 7 - Caliber spectrum of branch of ulnar nerve to humeral head of flexor carpi ulnaris muscle, 
12L8, graphed at 2 /a intervals. Two groups of fibers 
are present, one from 2-6 /u, the other from 10-18 ai. 
Nerves to limb muscles usually have a similar bimodal 
distribution when graphed at 2 ai intervals .

■M
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Fig. 8 - Caliber spectrum of branch of ulnar
nor«6 t0 hurBral head °f flexor carpi ulnaris muscle, 12L9, graphed at 2 ai intervals . Three fiber groups 
are present, one from 0-4 yu, another from 6 -8 yu, and 
a third from 10-16 yu. This is one of the infrequent 
cases where a third fiber group, (i.e. the one from 
6-o axj , xs present when the fibers are graphed at 2 /u intervals.
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Category

Pig. 9 - Caliber spectrum of branch of ulnar 
nerve to humeral head of flexor carpi ulnaris muscle, 
12L9, (same nerve as fig. 8), graphed categorically 
at intervals of two. Three major frequencies of the 
fibers are seen. The three groups are: "a" - ub" 
d - MgM and "i" - "m". The respective corresponding 
values are: 1.3 - 3.6 ¡a, 4.8 - 9.5 ^ and 10.7 - 16.5 /u

■
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Fig. 1C - Caliber spectra of dorsal digital 
nerve, 20Ldd, graphed at 1 or 2 m  intervals. Two fiber 
groups are seen at 2 ai interval graphing, one from 
4-6 yu, the other from 8 -1 2 ax. At intervals of 1 «, two 
groups of fibers are still evident, being from 3 - 7  ax 
and 6 -1 1 M • bote the relatively small percentage of fibers larger than 14 ,u.
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Category

Pig. 11 - Caliber spectrum of dorsal digital 
nerve 2 0Ixid, _ (same nerve as fig. 1 0), graphed cate- 
gorically at intervals of two. Two major fiber 
frequencies^are seen, one from "c" - !'d", the other 
from f - i . The respective corresponding values are: 3.6 - 6.0 /u and 7.1 - H .g
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□  lu In te rva ls

Pig, 12 - Caliber spectra of branch of ulnar 
nerve to short portion of medial head of the triceps 
brachii muscle and the humero-ulnar joint, 8L3, 
graphed at 1 or 2 yu intervals . Two groups of fibers 
are seen when the spectrum is graphed at 2 m  intervals. 
They are a small fiber group from 2-6 /u and a large 
fiber group from 10-14 ax. At graphing intervals of 1 a i , 
three fiber groups will be seen, one from 2 -4 yu, an
other from 5-6 /a and the third from 10-14 yu. Fibers in 
the 5-9 ax size range are of a greater percentage than 
fibers of nerves to muscle in the same range. It is 
possible this increase may be due to an increased 
number of Group II afferents from the humero-ulnar joint.



B r a n c h  o f 
U ln a r  N e r v e

Term ina ls

S i z e

F i b e r t

P e o k e  and P ercen ta g es in 

S ize  F req u en cy  D istribution 
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P eoks and P e r ce n ta g e s  in 
Size  Freq u en cy  D istribution 
P lo tte d  at lu  Intervals

P eoks ond P e r ce n ta g e s  in 
Size  F req u en cy  Distribution 
P lo tte d  C a te g o r ica lly

fle io r  co rp i ulnaris 
ulnor head 

3 L 8

flexor co rp i vinarie 
u lnor heed  

0  L  B

flexor co rp i ulnaris 
u lnor head 

12 L  9
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humerol head 
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flexor ca rp i ulnaris 

hu m ero l head 
3 L  8

flexor corpi ulnaris 

humerol head

12 L  8

flexor corpi ulnaris 
hum erol head 

3 L  9

flexor corp i u lnaris 
hum erol he ad  

12 L  9
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101%
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1 76%
2 - 3 v  
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13.9%
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6 9 %
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122%
I .3 -2  4U  7 I-8 .3U  
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2 -  17u 2 -  4 u 
2 2  0%

I 0 - I 2 v
2 9 0 %

2 • 3u 
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7 - 8 u
5 .4 %

Il -1 2  u 
165%
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13.7%

6 - 8 u  12 - I4 v  
14.2% 21.3%

3 - 4  v 
7 6 %
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8  7%
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2.2-23  v 2 - 4 v
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I 2 - I 4 V
10.4%

3 - 4  v 
7 0 %

5 - 6  u 
7.0%

13-14 v 
9 6 %

b f 

2 .4 -1 6 U  7.1 - 6 3 u 
6 9 %  6 .4 %

13.0-14.2u 
9 6 %

16 -2 0 u 2 - 4  u 

9  5 %
12 • 14 u 
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33.6%

3 - 4 u  
14.1%
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9 - I O u
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3 .6 -4 8  u 

3 6 %

6 3 -9 .Su  
169 %

6 3 -9 .5  u 

19.8%

TABLE 1 - NUMBER, RANGE AND PEAKS OP NERVE PIBSRB Tü MUSCLE
SKIN, AND MUSCLE AND JOINT '

vO
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RANGE VALUES FOR CATEGORICAL INTERVALS

Category
L im itin g  Values 

o f  C a te g o ry  
in M icro n s

M id -va lue  o f each  
Interval in M icrons 

K x X» M 
X M

L im it in g  V a lues  
o f  C a t e g o r y  

in M ic r o n s

M id -va lue  of each 
Interval in M icrons 

K x X> M 
X M

a 1.3 - 2 .4  u 1.49
2 .0 4

1.6
2.2 l.l - 1 9  u 0 .50

0.68
1.3
1 7

b 2 .4 -  3 .6  u 2.5 9 
3.1 4

2.7
3.3

1 .9 -2 .8  u 0 .8 6
1.05

2 2
2.6

c 3 6 - 4 . 8  u 3 .7 0
4.25

3.9
4.5 2.8 -  3.8 u 1.23

1.42
3.1
3 .6

d 4 .8 -  6 .0  u 4 .80
5.35

5.1
5.7

3 .8 - 4.7 u 1 .60
1.78

4 .0
4 .5

e 6 .0 -7 .1  u 5 .90
6 .4 6

6.3
6.8 4 .7 - 5.6 u 1 .97  

2 15
4 .9  
5 4

f 7.1 - 8 .3  u 7.01
7 .5 6

7.4
8.0 5 .6 -6 .5  u 2 .3 4

2 .5 2
5 .9
6 .3

g 8 .3 -  9.5 u 8.1 1 
8 .6 6

8.6
9.2

6 .5 -7 .4 U 2 .7 0
2 .8 9

6 .8
7 .2

h 9 .5 -1 0 .7  u 9 .2 2
9 .7 7

9.8
10.4 7 .4 -8 .4 U 3 .0 7

3 .2 6
7 .7
8 .2

i 10.7-11.6 u
10.32
10.87

10.9
11.5 8 .4 -  9.3 u

3 .4 4  
3 6 2

8 .6
9.1

j 11.8 - 13.0 u 11.42
11.98

12.1
12.7 9.3-10.2 u 3 .8  1 

3 .9 9
9 .5

10.0

k 13.0-14.2 u
12.53
13.08

13.3
13.9 10.2-11.2 u

4.1 8 
4  36

10.5
10.9

1 14.2-15.3 u 13.63 
14.1 8

14.4
15.0 11.2 -12.1 u 4 .5 4  

4 7 3
1 1.4 
1 1 8

m 15.3-16.5 u 14.74
15.29

15.6
16.1 I2 .l-I3 .0 u 4 .9  1

5. 1 0
12.3 
12 8

n 16.5-17.7 u 15.84
16.39

16.8
17.4 13.0-13.9 u 5 2 8  

5. 4 6
13.2
13.7

0 17.7-18.9 u 16.94
17.50

18.0
18.6 13.9-14.8 u 5 6 5  

5. 8 3
14 1 
14.6

P 18.9-20.1 u 18.05
18.60

19.2
19.8 14.8-15.7 u 6 0 2  

6 2 0
15.1
15.5

q 2 0 1 -2 1 .3u 19. 1 5 
19.70

20 .4  
2 1.0 I5.7-I6.6u 6 38  

6 5 7
16.0 
16 4

' 21.3-22.5 u 2 0 .2 6  
2 0 .8  1

2 1.6 
2 2 .2 16.6-17.6 u 6. 7 5  

6  9 4
16 9 
17.4

5 2 2 5 -2 3 .7  u 2 1 .3 6
21.91

2 2 .8
2 3 .4 17.6-18.5 u 7 . 1 2 

7 . 3 0
17 8 
18.3

K « 2.5 (constant) K « 1.06 (constant)
X ■  variable X ■ variable
M « m id- VOlUi M* mid- v<"u*

Notes:
Graphing at categorical intervals could be 
performed only for nerve fibers counted and 
measured on the particle size analyzer. For 
this study, intervals of two were arbitrarily 
used.
The limiting values and mid-values in the two 
columns on the left are for nerves 5L1 , 1 2L5 » 
12L8, 3L9, 12L9, 20Ldd and l8Ldc, 
while the two columns to the right are for 
nerves 12L1 and 16L2.
The values ,,K,t and "X” are determined by the 
total magnification of the nerve fibers and 
by the measuring system used on the machine,
(see text). The mid-point value, "M" is the 
median of the range of values represented in 
an individual window, (or interval) on the 
machine.
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