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ABSTRACT

It is becaming increasingly clear from physiological and
nistochemical observations that many skeletay muscles are aot used in
an all-or-ncne fashion, but rather that some parts o_f the muscle are
more active in one movement than another. Such a "functional
canpartmentalization” could have an appropriate anatomical correlate;
for example, within the pool of motoneurons supplying an individual
muscle, subsets of motoneurcns could be spatially grouped according
to the locat.ion of their peripheral muscle fields. For a number of
technicayl re'asons, this possibility is difficult to investigaté in
the typical skeletal muscle. The cutaneous trunci muscle (CMM) of the
\“,/\\\ /Jrat, however, is ideally suited for such an invest?ga_tion. This wvast
/ thin sheet of muscle is inserted into the deep surface of back and
flank skin and is reflexly activated by nociceptive information from

the overlying skin. A punctate Fimulus evokes a localized
contraction of the CMM in the imnediaté vicinity of the stimulus: the

reflex activation of this muscle is therefore organized behaviorally

into functional compartments. The simplest expectatic;ngvould be that
the peripheral nerves that drive the CIM reflex are segmentally
organized. While this is true for the sensory nerves, I find that it
is not the ;:ase Eor. the motor ones. I have used electrophysiological
and ‘thistochemical techniques to examine the pattern of motor
innervation of the CIM and retrograde tracers to study its motoneuron
pool. Interestingly, all the CIM motoneurons are located in the
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cervical spinal cc-:rd, several segments rostral to even the most
rostral sensory input that activates the CMM. My findings indicate
that there is a spatial organization within the CIM motoneuron pool;
this organization <corresponds to the pattern of motor nerve

immervation of the muscle, and moreover, seems appropriate for the

compartmentalized nature of the reflex activation of the muscle by .

cutaneous sensory nerves.
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SECTION I

INTRODUCTION AND OVERALL OBJECTIVE

There are a number of indications that the development of an
embryo proceeds according to defined spatial coordinates {(Wolpert,
1971}). Indeed, in same lower vertebrates (e.g. Amphibia) it has been
shown that even prior to fertilization the ovum exhibits a marked
polarity that appears to determine subsequent develommental pathways
(Spemann, 1938). Other spatial features have been described in early
organogenesis, in that certain embryonit regions or "fields" are not
visibly marked, but are destined to give rise to specific organs such
as eyes, nose, or ears (Balinsky, 1981). Of special interest to the
neurcbiologist are the processés by which target regions or organs
became appropriately connected to the ﬁervous system; these are still
largely unknown. However, in the histcgenesis of the vertebrate
spinal cord there are a number of recognizable patterns that can be
‘described iﬁ terms of orderly spatial and temporal gradients (Nornes
and Das, 1974}, that in recent studies appear to be correlated with
the seqﬁggce of synapse formation in simple reflex cltcuits (Sims and
Vaughn, 1979; Sims, Vaughn and Wimer, 1981). Neuronal projection
patterns have been best studied in the sensory nervous system,
specifically the projections fram sensory receptors in the periphery
to higher brain centres. Investigations of the rodent mystacial -
vibrissal system, for example, have revealed a structure-function

relationship such that the relative order of the mystacial hairs in

1



™,

each of the five rows of whiskers is preserved in the pattern of
their connexions to both the thalamic nuclei and to the barrel fields
of the samatosensory cortex (Woolsey and Van der Loos, 1970). In the |
motor system, while there have been a number of studies describing
the gross topographic projections of peools of motoneurons to the
periphery (e.g. Romanes, 1964; Hollyday, 1980), very little is known
about the intrinsic organization of these motor pools. Oné of the
difficulties in analyzing motor projections is that the spatial
characteristics of the target became obscured due to torsion and
migration of the developing muscle mass away fram its origin
{(Sullivan, 1962; Grim, 1971). However in the adult there are
-
indications that some parts of the same muscle may be used
dif‘ferentially. in certain movements, that is, there is a functional

compartmentalization of certain skeletal muscles:- (Herring, Grimm and

Grimm, 1979). These cbservations sugg:est the possibility that there
may be an anatomical basis for the inferred behavioral
campartmentalization of the muscle: one question that arises is -
could there be an underlying spatial organization of the reflex
circuitry? This is a difficult possibility to examine in the typical
skeletal muscle for a number of technical reasons. However, we have
described the reflex activation of a thin ' cutaneocus muscle which
appears ideally suited for an investigation of this kind (Nixon,
Theriault, Jackson and Diamond, 1984). This muscle, the cutaneous

trunci muscle (C™M) of the rat, is reflexly activated by nociceptive

/. J



stimuli to the overlying skin; the important characteristic of this
is that a punctate stimulus evokes a localized contraction of the
CIM: the muscle is therefore behaviorally compartmentalized. Since
the C™M is a thin flat sheet of muscle with its sensory and motor
nerves anatomigally separate, the possibility was presented for an
investigation of the question raised above. ."I;he principal objective
of this study therefore was to examine',.-v in the CM™ preparation,
" whether ’_J;he motoneuron pool driving this muscle has within it an

intrinsic spatial organization which corresponds to the bebaviorally

canpartmentalized use of the muscle.



SECTION II

- BACKGROUND

A, PATTERNS OF NEURONAL CONNECTIVITY IN THE ADULT NERVOUS SYSTEM

As a result of technelogical advances in fixation, microtamy
and staining techniques in the early 19th century, it soon became
clear that the constancy of form and structure characterizing the
external features of the nervou.:. system extended to the fine internal
structure as well (Williams and Warwick, 1975). During the same era,
physiologists studying the overt behavior of the nervous system came
to the conclusion that many of the visible expressions of nervous
activity appeared as highly predictable, stereotyped patterns of

behavior, known as reflexes (Liddell and Sherrington, 1925). These
| two lines of investigation, morphological and behauiorél, pronoted
interest in the possibility that a structure-function relationship
may exist, wherein the overt behavior of the nervous system would
have a distinct and characterizable anatcmical substrate. More
recent modern neurcanatamical and neurophysiological investigations
have established the general principle that neurons processing
similar kinds of information tend to be clustered together spatially
(Brodal, 198l), and furthermore, that these neuro group;s_ of
neuron¥ are connected to one another and to their target organ-s in
the periphery in often strikingly invariantl patterns of neuronal
circuitry, charactsristic of ail individuals in any one species from
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insects (Macagno, Lopresti, and Levinthal, 1973) to vertebrates
(Jacobson, 1978). In fact, there was no %vidence of random
connectivity within the nervous system (but see Wall, 1977). These
observations have given rise to one of the most fascinating central
issues in contemporary neurobiology: how do’ the Observed precise

patterns of neuronal connectivity became established during
development? \

Despite a tremendous amount of interest in defining the
mechanisms that play a role in the establishment of orderly central
and peripheral connectionsr, a general understanding of the process
remains =lusive. Many hypotheses have been put forward, ranging fram
a connectivity that is entirely or largely genetically programmed at
one extreme (see Hughes, 1968a, b) to randam outgrowth and
"functional wvalidation" at the other (Weiss, 1947). There are a
nunber of alternative explanations that incorporate some limited
degree of prespecification (i.e.,genetic programming) coupled with an
influence of envirommental cues, that together establish the correct
projection patterns and synaptic connectivity (see reviews by
Landmesser, 1981; Hollyday, 1983). A great deal of attention has
been focussed on the extent to which spatial relationships among
neurons and their targets during development determine the subsequent
adult patterns of neuronal circuitry. Most experimental
investigations have dealt with theAvisual (Horder and Martin, .1978}‘

or somatosensory (Woolsey and Van der Loos, 1970; Nornes, Hart and



Carry, 1980a, b) systems; however, the same kind of questions are now
beginning to be investigated in the motor system (Sims and Vaughn,
1979; Hollyday, 1981). The objective of this thesis was to
characterize some of the patterns of connectivity in a particularly
favorable skeletal muscle (the CMM reflex) including a study of the
spatial organization inherent in the r;otor system; and fram the
results, it was hoped that an understanding “of how such an
organization migﬁt facilitate the establishment of the neuronal
circuitry .in the reflex, particularly that which underlies the
unusually ‘:ell-defined local sign seen in the reflex activation of
the CIM. |

In this section of the thesis scmé of the physiological and
anatomical evidence regarding the specificity of connectivity in the
nervous system, and especially how this might be dependent upon
spatial factors, will be reviewed with particular (but not exclusive)

emphasis on the neuramuscular system.

1. Central Nervous System (CNS)

. One of the fundamental features of organization of the ONS is
the preservation of body space with}n the orderly arrays of afferent
and efferent projections (Brodal, 198l). For example, in t;.he dorsal
funiculus of the spinal cord (a large myelinated tract of axons

representing a central, ascending projection of large diameter

'primary afferent fibres); a somatotopic map of'the body is preserved

such that afferent information dealing with the arm is anatomically



separate fram that of the leg. In addition to separation of fibres
on the basis of spatial (i.e., body) origin, CNS tracts are further

anatamically sub-divided on the basis of modality, e.g., in the

A

dorsal funiculus fibres carrying touch information are located more
centrally (towards the central canal) than are fibres for pressure
sensation, the latter being located nearest to the pial surface .of
the spinal cord (Warwick and Williams, 1975; Brodal, 1981)}. A
B*equent relay centre for fibres in the dorsal funiculus is the
thalamus, which in turn projects, in a characteristic somatotopic
pattern, the sensory information from the periphery to the
somatosensory area of the cortex, SmI (located on the post-~central
gyrus).

The pyramidal cells of SmI are also ar‘ranged- in a
correspondingly somatotopic fashion, givin‘g‘; rise to the sensory
"fnnunculus", wherein the representation of different body parts is
mapped onto discrete cortical areas. The early microelectrode
studies of Penfield and co-workers revealed that stimulation of
punctate locations in SmI reproducibly gave rise to specific
sensation in a corresponding part‘. of the body (Penfield and
Rasmussen, 1937)}. They also demonstrated that stimulation of points -
on -the precentral gyrus, the motor cortex, consistently evoked
discrete movements in specific and predictable body areas (Pe'nfield
and Rasmussen, 1937; Penfield, 1950). Thus a somatotopic pattern

within the efferent projections of the motor cortex is also evident.



Begirning with a2 "mirror-image" motor homimculus encoded in
the spatial distribution of the pyramidal cells in the Precentral
gyrus, the efferent projection of the motor cortex is also
samatotopically organized, Most  recently, retrograde labeling
techniques have shown that the cells of crigin of the corticospinal
tract, a more or less direct projection to the spinal cord, maintain
this topographic specificity in their projection' to the various
interneuronal pools of the spinal cord (verwick and Williams, 1°""~-'

il

Schwindt, 1981; Brodal, 1981). The red nucleus in the brainstem also

receives a somatotopically arranged projection fram the motor cortex,

and in turn gives rise to an equally organized tract of fibres (the
rubro-spinal tract) which terminates in specific areas of the spinal
cord (Schwindt, 1981). Wwhile it is clear that the corticospinal
tract (and@ to a lesser degree the rubrospinal tract) play a major
role in the central control and initiation of skillegd, voluntary,
discrete and rapid movements of the hand and fingers, anatamical and
physiological data point to a very ccmple;t organization of the motor
cortex (Brodal, 1981; Schwindt, 1981). Although the general pattern
is well known, there is no agreement as to how individual muscles, or
parts of muscles, méy be represented in the motor areas of the
cortex. To further camplicate matters, sharp .d'is nctions cannot be
made between “sensory” and "motor" areas (see %/ al, 1981), although
the association connections bétwee;en the pre- and post-central gyrii

are arrarged in a strict somatotopic fashion so that the arm region
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of the sensory cortex projects to the arm region of the motor cortex
{(Jones and Powell, 1968, 196€9).

The coanposite pictufe that emerges fram these studies is that
functionally ané anatomically, the CNE exhibits & high degree of
spatial ordering, based upon a map of the body surface, in both the

; .

projections and the internal oi'ganization of groups of neurons
allotted to 2 particular body area. A camparatively detéiled account
is mot yet available for the peripheral mervous system, and very few
investigations for example have been published dealing with the
individual motoneuron pools. It is of interest to know whether these
groups of reurcns, each directly subserving a small portion of bedy
space, alsoc have a detectable 6rganization ‘based either upon the
peripheral locations of their targets or'upon their own intrinsic
properties. Are DRG cells and motoneurons as finely 6rganized in
their projections to the periphery as are the.'centrél-connections to
which they give rise or 'frcm which they receive synaptic input?

2. Peripheral Nervous System (PNS)

This section of the Background will' be concerned with the
extent to which spatial order is maintained in the PNs; specifically
in' the motor system. One of the distinctive characteristics .of the
organization of the nervous system is the columnar arrangement of
motoneurons in the brainstem and spinal cord (Sidmen, 197¢). The
'classical studies of Romanes (1941, 194€, 19%1) on toluidine blue or

silver-staine¢ preparztions of the mammalian spinal cord have shown



that in the adult, motoneurons are arranged in longitudinal
(rostro—caudal) columns (seen in transverse sections in Lamina IX of
Rexed (1952)), and that in the brachial and lumbar enlargements of
the spinal cord there exist two spatially distinct columns of
motoneurons: one located laterally in the ventral horn, ‘the other
medially. Using anatamical tracinig_'t/e;ﬁniques in the rabbit, Romanes
(1941} provided evidence that the lateral motQr column (LMC)
innervates limb musculature while the medial motor column (MMO)
provides innmervation to axial (or thoracic) muscufature. In
addition, more cranial segments of 4the IMC were found to innervate
proximal muscles (e.g.,th.igh or foreamm) while caudal portions‘ of the
IMC supg\alied distal musculature (e.g., ankle or wri‘st). The studies
of Romanes and others have been confimmed and extended to include
virtually all vertebrate species, froam frogs to gorillas (see reviews
by Elliott, 1944; Romanes, 1964; Hughes, 1968). Thus on a gross
topographic level, the relative spatial positions of the motor cell
columns in the spinal cord are highly and characteristically
predictive of the peripheral locations of the muscles they innervate.

At a more refined level, the patterns of connectivity within
a single motor cell column also réveal target specificity. The early
physiclogical studies of spinal reflexes in the dog (Sherrington,
1906) indicated that each individual muscle in the hindlimb likely
received its innervation fram a particular segment of the lumbar or

sacral spinal cord. Considerable experimental evidence has since
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accumilated to corroboraéé'Sherrington'gﬁhrediction, to show that an
individual 1limb muscle is indeed innervated by restricted group or
pool of motoneurons, located in a stereotyped positioﬁ within the [MC
(Raomanes, 1964: Landmess.er,’lB'i&',/"f-Iollyday,l 1980). While the early
investigations of motor pool locations relied largely upon the
histological detection of retrograde  degeneration, current
methodologies capitalize on the ability of motoneurons t';o
retrogradely transport tracer molecules sﬁch as lhorseradish
peroxidase (HRP) followlng intramuscular injection {e. g. Kristensson
and Olsson, 1971) or dlrect application of the tracer to the central
ends of cut muscle nerves (e.g. Olsson and Kristenifon,, 1979).
More  sophisticated techniques combine direct physiological
identification of single motoneurons (i.e., by stimulating Fmscle
nerves and recordiﬁg antidramic action potentials with intracellular
microelectrodes} with direct anatomical identification of the cell
using an intracellular injection of tracer and subsequent
histoloéical visualization (Fhilheim and Kellerth, 1976; Burke, Dum,
Fleshman, Glenn, Lev-Tov, O'Donovan and Pinter, 1982). Such
techniques have permitted even more refined analyses than ever
before, and have stimulated interest in the possibility that
individual motor pools' may have a demonstrable, intrinsic
organization; In summary, the unanimous conclusion from the studies
presented above is that there are highly specific and stereotyped

patterns of spatial connectivity between the spinal cord position of

>
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motoneuron pools and the muscles they innervate.

B. COMPARTMENTALIZATION OF SKELETAL MUSCLES

There are a number of'reports in the literature indicating
that single skeletal muscles may be compartmentalized -
histochemically, functionall»y, or both. On the basis of this
evidence it is not unreasonable  to consider tl;a’c such a
compartmentalization of skeletal muscle may be a further indication
of spatial ordering in the peripherél motor system., 6ne objective of
this thesis was to see whether the organizaéion of the motor
innervation of the cutaneous trunci muscle (CTM) corresponded in same
fashion to the pattern of its reflex activation, which sug-gests that
small discrete muscle campartments must exist. It will be useful
first to describe same of the current t:erm.inology‘and concepts.

1. Classification of Muscles, Motoneurcns and Motor Units

-/ Two main categories of vertebrate striated muscle Have been
~

described: tonic and twitch. Tonic muscle fibres typically have
multiple innervation and are not capable of generating a propagated
muscle action potential; instead transmittefr release at tonic motoc
endplates results in a graded depolarization, and thus i‘l A r_,]r.'a{ied, or/
local, depolarization of the muscle fibre (Burke and Ginsborg, 1956).
Tonic muscle fibres are found predaminantly in invertebrates and
lower vertebrates; there are very few examples of tonic muscles in

higher vertebrates (Hess, 1970). In contrast t:witch muscle fibres

are found in higher vertebrates and are characterized by single

a

s

A
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{focal) innerv.":ztion anc by zll-or-none propagzted action potentiale
regulting in a rapid contraction of the whole muscle fibre (hence the
name "twitck"™). Currently, there are three main types of twitch
muscle fibres, described¢ on the basis_ of mechaniczl, structural,
histochgmical and electrophysiological parameters. Mammal ian
sk'eletal muscle 1s canposed mainly of the twitch types, and as the
preparation studied in this thesis is 2 mammal, further discussion
will be devoted to twitch muscle.
As described above (Section II, P2} an individual skeletal
muscle is inner_vated by a specific pool ofr motoneurons located in a
sterectyped position in the spinal cord. Fach ;notoneurop pool is
related not only spatially, but cuantitatively, to ‘its muscl.e, l.e. a
characteristic number of motoneurons is allotted to n@ch particular
muscle (€.g. Hollyday, 1980). The number of muscle fibres innervated
- .by one motonewron (the 'motor unit", see below) variss greatly

depending on the muscle and the species.  For example, the .

%nnervatxon rat:lo {chtained usual(ly by estfﬂlaWt/he number of

muscle fibres in the whole muscle and then dividing this value by the
number of mtoneurons supp{ymg tha ) in a tihy’middle ear
\muscle the stapedius, randges fram 2\&9—4:%;163 fibres per motor axon
(Shaw and Baker, 1983), .while in the human medial gastrocnemws
muscle the correspo}@mg value has been ectimated as close to looe

(Burke, 127¢). There are a number of inherent technical difficulties

in measuring innervation ratios, but one general principle that

-
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emerges fram all these studies is that muscles used for vernier
mevements (i.e. finely controlled and graded contractions) have very
Jow innerveation ratios, while those used for relatively coarse and
v

powerful movements (e.g. gastrocnemiuvs) have high innervation ratice.

In order to ellow a quantitative description of muscle
contracticn, Liddell and Sherrington (192%) introduced the term
"motor unit", referring to the motoneuron axon and .all the muscle
fibres innervated by it. This term is more precise than “innervation
ratio" ané¢ is used pregferentially in the literature. » more useful
cdefinition of the moter wunit suggested by Burke (12€7) also includes
the motoneurcon sané, while the term "muscle unit" refers only to.the

+
muscle fibres innervated by a single motoneuron. Sherrington's

concept of the motor uwnit has proven to be a cornerstone in the
current thinking about the organizetion of motor systems and the

. I
neural cqntrol of movement, in that it forms the "quantum unit of

muscle actl (Burke, 1°Pl) ané that selective and synchronized
activation of individual motor units by the CNS underlies the entire
repetoire of muscular action.

Two types of motoneurons have been described, initially on
the basis of. the diameter and conduction velocity of the axons and
later on the basis of functionsl propertigs of the muscle fibres they
supplied (Erlanger and Gasser, 1©37;- Sherrington, 190€; Leksgll,

1645, Kuffler, Hunt ard milli\arn, 1951): alpha («) and gammez (¥)

~

-

motoneurcns. The large ciameter (10-1% um) rapidly-conducting (100



15

m/s) myelinzted axons cf alphz motoneurons are responsible for the
innervaticn of the majority of extrafusal skeleta] muscle fibres, and
thus are responsible for the execution of muscular corrnt;action. The
smaller (&-8 Hm) slower-conducting (50 m £) game fibres provide the
motor innervation to the muscle fibres of the spindles, i.e. to the
intrafusal fibres (see review by Metthews, 1°f1) ané functior in the
reflex regLJatJ.or of rmuscle. length ané t(:nqmr s this thesis is
spcc:lf:c:clly_ concerneé with extrafusal musc'le and thus with alphs
motoneurons, further .discussion will be restricted to the literature
pertaining to alphe motoneurons.,

Despite the suggestion from Ranvier's (1€74) work that the
motoneurons supplying fast and slow muscle_s may be differentiated on
~a similar basis (i1.e. that there exist fast and slow motoneurons) ,
such & p0551b111ty could not be investigeted until several decades
latef, mainly because of technicad limitations. Liddell and
Sherrington (1925) recognized that individual motor units within a
single muscle could be brought into action sequentially over time
(the concept of recruitment); however, it was not until the advent of
intracellular microelectrode recording technigues that it became
clear that all motoneurons within a s1ngle pocl were not functionally
ecuivalent. The analysis of intracellular record:ngs of cat
motoneurons supplying foré- and hindlimb musclesjjfécles, Fecles,
and Lundberg (1057, 10&5g) fimly'establishec‘\ th '\,\existence of two

types of alpha motoneurons. on the besis of\ characteristic spike
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potertials, duration cf after-hyperpolarizaticn ané zxenal conducticn
velocity, Eccles et 2l, (1957) Gistinguished slow twitch {"tonic™)
anc  fast twitch ("phasic") motoneurens. In &fdition. u1sing
mezsurements of isorr;etric twitch ccntra'cfcicn times in cat
gastrocnemius anc¢ soleus muscles, they vere able to correlate qth;e
fast an¢ slow motoneuron types with predominantly fast-pale and
slow-red twifch muscie respectively. In summary then, by the late
195C's two major types of twitch skeletal muscle had been described
on the besis of anatomical and functicnal characteristics. In
adcition, on the basis of mainly physiologice]l evidence, two major
types of twitch motoneurons, fast and slow, were described and
associeted with the two muscle types.

The development of muscle fibre histochemistry in the 19f(0's
(Padykula, 1952; see Raomanul, 19¢ for feyiew) permitted  the
description of several d;lftinct muscle fibre types. Mainly on the

basis of kistochemical profiles, several classificatior schemes hzve

+

y »
been propcséd (see reviews by Close, 1€72; Burke, 1°f1),. however,

interspecies and intermuscle variation have Windered the
establishment of & universally-dccepted namenclature. Currently

there are two classification systems that appear to*have gained
: L 4

general recognition: that of Peters et z]. (1972), based upon PTPase

reactivity petterns and metabolic enzymgs, and that of Burke, Levine,

P
Tseiris ancd Zajac (1972?), which is basedé on the mechaniceal « and

~physiological properties cf the motor units ané has the additicnal
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merit of correlating these properties with histochemical profiles.
For the purpeses of the present discussion enly a simplified review
of the majer muscle fibre types will be presented. Mainly cn the
basis of myosin FTPase reactivity patterns ané isometric contractien
speeds, three major groups cf twitch fibres have been cistinguishec:
fast*glycolytic (FG, or fast fatiguable (FF) in the terminclogy cf
Burke et al., 1¢72), slow oxidative (SC or &), and an intermecizate
fibre type, fast oxidative glycolytic (FOG, cr fatigue resistant,
FF). Although thds basic tripartite division appears tc have geined ‘
general acceptance (Burke, 1S€1; Henneman and Mendel 1921), there
have been an increasing number .of cbservaticns that rather than
falling into distinct categcries, muscle fibre types appear to form a
centinuum (Botterman et al., 1eg2), FC muecle fibres are responsible
for the fastest, mest rapid and powerful contractions; thc fibres are
large, contain few mitochondriz ané & large amount of glycogen, an
indication of their meinly anaerobic metabolism. By the same token,
FG fibres ore quickly fatigued and thus unable tc maintain a
prolonged tetanic contraction. SO muscle fibres are small to
intermediate in cross-sectional area, and contain many mitochondria
ané oxidative enzymes. Pecause of their aerobic metabelism, ¢
fibres are extremely fetigue-resistant although they are not able to
develop much tension. FCG muscle fibres are intermediate between FC
an¢ S types, ané eare characteristically czpable of rapié eand

" sustained contraction. In general, it appears that most vertebrate
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muscles contain & heterogenous populaticn of muscle fibres, and in
fact it is gquite wnusual to find z histochemically hamogenous muscle
{the czt soleus is cne of the few examples; Burke, 167¢).

la. Relationship of Motcneurons and Muscle Units

Several ageneral principles have been established concerning
the relationship of motoneurcns and their muscle units which bear
upon the major cbjective of this thesis, which was to see whether
therc is a particular pattern or architecture tc 2 motoneuren pocl
that coould relate, for example:, te its pattern of innervation of the
target muscle. Implicit ir the early work of Sherrington ané his
colleagues (Liddell and Si'merringtcn, 122%} was the assumption that
all the muscle fibres ;n one motor unif, responded in an all-or-none
fashien, in contrast tc the éraded responses of which a whole muscle
is capable. Rlthough techn(ical difficulties associated‘ with the
isolation of & single motor unit have prevented a2 direct
investigation of this question, the weight of experimental evidence
incicates that in the behaving mamral, each actipn potential in a
motor axon relizbly activates all the fibres in its muscle unit (see
review by Burke, 18€1). That all the muséle fibres in one motor unit
are consistently co-activated is of obvious functional importance in
‘the procduction ‘and control of reliable mechanical action.

Ancther important characteristic of motcr units concerns the

extent tc which there is uniformity of 2]1 fibres witHin cne muscle

unit with respect to their mechenical and histochemical properties.
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Edstrom anc Kugelberg (19€F) presented the first detailed account of
the twitch tensicn, fatiguability, metabolic enzym;s profi}e,’-and
spatial cistribution of single moter units in mammalian muscle (the
rat tibielis anterior). Later/studies by Burke and cclleagues (1971,
107z, 1974) elso examined the( correlation between the physiology and
histocheamistry cof 2 large number .of fibres ir simgle motor units in
the cat triceps surae muscle group (which consists of the solevs,
medial and lsteral gastrocnemii). These types of experiments have
revealed that with very few exceptions (e.g. see Bottemman, Iwamcto
and C‘onyea., 1982), all the fibres belonging tc one motor unit share
ide;'atical metabolic and mechanical properties. PRlthough the etiology
of such mechanical and histochemical uniformity is c:u.rrently net
known, one pessible advantage of this kinc of érrangement may be the
facilitation of a sofe and amooth production of mechanical force.

The spatial cistributior of muscle fibres constituting one
unit within the totzl muscle volume has been founé to be quite
variezble . depending on the species, muscle and fibre type (Henneman
.and Clson, 19€5; Ristrom and Kugelberg, 1968; Kugelberg, 1973: Burke
and 'i‘sairis, 1272; Burke, Levine, Salaman ané Tsairis, 1974;:
Botterman, Hamm, Reinking ar.'nd Stuart, 1%B2a, b). The general rules
gcverning what proportion of the total muscle volume may be occupied
by & single%uscle unit is still an unresolved and currently very
topical isswve, This ciuestion has an cbvious bearing on the

functional use of the muscle: widely cistributed motor units would



not likely predispose a muscle to a carpertmertalized type of
behavior, whereas the activation ’kif motor units which are cenfined to
a relatively s=mell region of (the muscle woulcé result in  the
contraction of discrete muscle sub-volumes. It might be expected
that muscles used for manipulation woul@ tend to have the latter type
of organization, i.e. campartmentalized motor units, while those
muscles responsible for posture or for the execution of rapid
ballistic movements woulé not. (For further discussion of the
sigrifigance of histochemical ané and functional compartmentalization
of skeletel muscles see below, Section II, B2 and 3). .

Another general principsl which has emerged from the study cof
motoneurons and their muscle wnits is the relationship of the
conduction velocity cf the motor axon, the size of the cell body and
the motor wunit type. The physiclogical studies of Fccles, Focles and
Lundberg (1¢Ef) cdemcnstrated that a2lpha motoneurons with fast
conduction velocities innervated fast-twitch motor units while those
with slow conduction velocities drove slow-twitch mctor units. Based
on measurements of the maximum tetantic tension developed by a muscle
unit and the conduction velocity of its motor axon, McPhedran,
Wuerker and Hennemaxfii;(.l%S; Wuerker, McPhedran and Henneman, 19€f5).
postulate¢ thet motor unit size is directly proporticnal to
cenduction velocity and hence' to the diameter of the motor axonf

Promp{exi by the early pevroenatemical studies of Cajal (1ono

Henneman anc co-workers (Henneman, Samjen and Carpenter, 1©€%a



Sarjen, Carperter and Henneman, 1965) further investigated the
functional implication of such a relationship. assuring thet the
large action potentials they recordeé extracellularly from cat Jumbar
ventral roct filaments derived fram large motoneurons, and the small
impulses originated from small motoneurons, they proposed the "size
principle™, wherein the excitability and irhibitability of =
motoneurcn was a function of its some size (small neurons were most
easily excited by various types of reflex input and were least
susceptible to inhibition; the converse was ‘proposed for the
excitability ané inhibitability of large rnotone'u-rcns). It was a
number cof years however before evidence was established for a direct
relationship between cell body size, axon diameter and conduction
velocity in alpha‘motoneurons (Barrett and Crill, 1971; Cullbeim,
1978), anc another few years before the relationship between cell
size and motor unit type was properly investigated (see Burke, 19F1).

From the point of view of this thesis it is impo;;:ant to note
that although the apparent size of & motoneuron could well be
correlated with certain physioclogical and mechanical properties of
its muscle unit, there is Do known spatial organization of
motoneurons within motoneuron pools basedh on soms size.
Intracellular labeling studies using Procion red or yellow.(é;yan,
Trevino and %illis, 1972) or HRP (Burke, Strick, Kandz and Walmeley,
1877) revezled thet alpha end gomma, as well as smell and lerge alpha

motoneurons  supplying cat hindlimb muscles were intermingled



throughout the length of their respective motoneuron pooles.

While the size pfinciple of motor unit recruitment (i.e. the
smaller, more easily excited motoneurons are brcught to threshold
sooner than larger motoneurons) has generally been substantiated in
similar experimental conditions; the almest unaveicable corcllery of

_—these findings - that large motoneurons Srive fast—twiteh motor units

-

\
anc snéf%)nntoneurons drive slow-twitch units - has recently come

interest in determining whether there exist anatamical differencks by
which motoneurons may be characterized accorcing tc the fibre type ¢

Il

the muscle unit they supply, no, satisfactory evidence hag been

presented that clearly associates fiyre type encd notc;euron

morphology at the light eor electron microscope level. When' the
average scmal diameters of physiologically-idgntified slow-twitch and

fast-t&itch mctoneurons are comparxed (Burke et al. 1977, 1eg?; Ulfake

and Kellerth, .198?) considerable overlap iﬁ the distributions is

. S

apparent anc although the mean soma size of "slow" motoneurons tends '
to seem suamewhat smaller than that of "fést", there is no signifigant

difference, .

Ultrastructural studies of physiologically-identified

motoneurons provide only suggestive evidence ‘that synaptic input may

differ systematically between slow and fast motoneuron types

- |
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{Conreci, kKellerth, Berthold ancd Hemmerberg, 1€79; Kellerth, Berthold

enc Conracdi, 1°979). The experimental procedure in these studies
essentizlly consisted of analyzing at 6 pm intervals, the type and
distribution of synaptic boutens on the soma and proximal portions of
the primary cendrites of four functionally-identified cat mctoneurons
(two FR, two & types) that were intracellularly labeled with Procion
yellow, Attempts to distinguish fast and slow moteoneurens on the
basis cf cytophotometric measurements of different oxidative enzymes
(Penny, Kukums, Fadie and Tyrer, 1975) hsve proven simgularly

unsuccesful. Currently, the only way to distinguish motoneuron types

is on the basis of certain electrophysiological characteristics, most

of which are ascertained following intrazcellular microelectrode
penctrations. The studies of Burke et al. (1982) provide the only
cirect evidence that the cell mambrane resistivity of slow
motoneurons is systematically higher than that of fast mtoneurén
types.

Tc summarize, several genera} principles have been
established which characterize the relationship of .motoneurons and
their muscle units. It is generally a'cc:epted that all the fibres of
one unit are activat_@‘d in response to a motor axon spike and that the
histochemical and mechanical profiles c_:f all the muscle fibres
éonstituting one muscle unit are homogeneous.  Additionally,

slov-twitch unite tend te develop sma2ll tensions and are innervated

by slowly-conducting axcns; the converse is true of fast-twitch
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units. The size principle (which has recently been critically
re-evaelueted; e.g. Clamann, Mgai, Kukulz and Goldberg, 19€2; Pinter,
Curtis anc Hosko, 19F2) states that motor units are recruiteé in
orcer of size, from small to large, by an 'inc:reas-ing excitatory crive
te the metoneuron pool, while on the other hand, increasirg
inhibition causes units to fall silent in the reverse order of their
size (large units are most easily inhibitec")'. Presently there is reo
firm evidence by which mctoneuron morphology (a2t the light or M
level) mey bc correlated with the fibre type of. its muscle unit.
However, combined physiological and anatamical studies do &ndicate
that fast ané slow motonel’;'rons mzy be reliably fistinguished on the
basis of their input resistance; fast type motoneurons havimg a
significantly lower inpué resistance . than slow type mcteoneurons,
indiceting that they are probably larger, ecr (cf. Burke et al., 1982)
‘that the membrane resis;tivity of fast motonevrons is lower than that
of slow. In addition, fast motoneurons appear to have 2 faster
axonal concuction velocity than do slow type motoneuvrons (Henneman et

al., 1965; Burke et al., 19f1).

2. Histochemical Compartmentalization

2 large number of studies have shown that the different
muscle fibre types are mot randemly distributed throughout the muscle
volu-ne,rbut rather that similar fibre types appear spatially grouped,
giving the muscle a histochemically compartmental ized appearance when

e . )
viewed in cross-section (see Botterman, Binder _and Stuart, Io7f) In

r



fact, it eppears to be a2 general rvle that the majority”of manmmalian
skeletal muscles show Cistinctive slow-oxidative ané fast—glycelytic
fibre compartments, although exceptions deo exist (e.a. cat
semitendinosus (Podine, Roy and Neadows, ]é??);-cat sclevs (Burke gt
al., 1974); and a mumber of cat neck muscles (Richmond and tbrahams,
1878)). Wwhile a great number of muscles have be;en examined in 3
variety of species including cat, rat, mouse,b ¢og, rabbit, rig,
guinea pig and human, the most comprehensive studies have been on the
fore- and hincdlimb muscles of cats and rats, notably the flexor carpi
racizlis (Gonyea ané Ericson, 1¢77; Galvaes and Gonyea, 1°9f0), the
plantaris (English, 19€C), anc the -triceps surae rnuécles (vellin,
1¢€¢; Burke and Tsziris, 1972; Burke et al., 1977; Pnglish, 1opp). 2
fairly typical pattern of fibre-type ‘distribution in mammalian
muscles consists of & superficial layer of white-or fast-twitch
fibres and a deeper core of red or slow-twitch muscle fibres.
Examples of this type of histochemical compartmentalization are found
in cat ané rat mediel gasﬁrocnemius (Yellin, 19€¢; Burke et al.,
1077; English, 1920), and tibialis anterior (Gordon and Phillips,
1252; Edstrar and Kugelberg, 1968), as well as in cat flexor carpi
racdialis (FCF) (Gonyea and Ericsén; 1e77), cat npreck muscles
(ircluding complexus, rectus cezpitis major and splenius; Richmend ané
Pbrzhams, 1975), ané in rat medial pterygoid} temboralis and masseter
{see Botterman et al., 1¢78).

Rlthough the functional interpretation as well as the
. Y- B



W

‘electrpmyograpru'c characteristics of the reflex activation of the
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developmental origin of this fibre type compertmentalizaticn are not
yet known, several reascnable essumpticns may be made. 2s described
above (Section II, Bl) muscle fibre types are classifieé on the besis
cf their histoechemical and mechenical properties, and with these
properties in mind it is not unreasonzble to assume that &
histochemical canparmentalization of fibre types mey reflect a
functional specielization of certain perts’ of individual muscles.
This point of view has recently r ceivec’.. favereble attention
(Botterman et 2l., 197€; Ernglish, 19PC; Galvas and Conyea, 1°9P(0), and
will be ciscussed@ in greater detail below (Section II, B'?).. rnother

suggestion regarcding the functional meaning of histochemical .

~canpertments in skeletal muscle focuses on metabolic concerns. PBurke

(19€1) points out that a core of slow-oxidative fibres {i.e. an area
of high metaboli’sfn an¢ high resting blood flow) surrounded by a layer
of fast-twitch fibres (i.e. with a lower mesabolism ~and féwer
vascular demands) could ‘hell minimize conductive heat loss, which in
small mammzls may be a significant problem. These two
interpretations are not necessarily mutually éxclusive*,‘ but "as will
be shown below, several repcrts: on the physiologicel be.hav.iof cf
certain muscles favoer & functionzl interpretati'on rather tha';a 2
mectabolic one.

3. ¥ Functional Compartmentalization

" Cne objective of this thesis was to describe some of the

¥

J
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cutanecus ﬁrunci mescle  (CTM) 1n the ret. This -flat sheet of
skeletal muscle shoks a behaviorally compertmentalized pettern of
contractions, ir that a locahlized sensory stimuelus of the overlying
skin evokes a very localized reflex response of . the CT™ (.Nixon,
'I:hcriault, Jackson and Diamond, 19€4; and see Results below).

The results of the present thesis show that the behavioral
canpartmentaiization seen in the reflex ar:tivation' of the CT™ has an

interesting underlying anztomical basis. It was therefore of

relevance tc determine whether there are reports of other marrméian

muscles that also Monstratg,ﬁt’terns of regional contracticns; if

so, the present findings concerning the anatamical organization" of
the CIM motoneuron pocl could possibly bear upon the organ-ization of
motor circuitry in general. The evidence for organization of
synaptic input to motoneuron pools will be dealt with later (Sectien
Ii, C); he[ we are concerned with the behevicral evidence that

reflex reSpoﬁses may be evoked in restricted portions of whole

L Y
muscles. ¥

The early observatmns of Cohen (1952, 1952) on the ‘stretch
- /\.__/

reflex in cat quacdrice incicated that individual strips of the
A .
tﬁ

muscle were capable y respbnc’ing independently tc localized

stretches apgpliec to different regions of the muscle. This

. .

lecalization of propriccept‘ve reflexes has also bee}dmonstrated to

occur in other muscles (E’ilottc, Sfchor, Uchine and wilson, ‘3;981;
: . B

Brink, Jinnai ‘and Wilson, 19¢1; Cameron et al., 19¢1; Fritz, Ilert
» ) .

P

. P | _ i
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anc Saggeu, 19F1; Bottemmen et al., ]J982a). The implicaticn of these
studies is thet inﬂe normally active ani'mal, muscles which are
subjected to 2 veriety of specific pulls and terques neec not respond
as & unit, but rather are able to produce selective regionzal
centractions. Of the few studies which have directly,ac‘.c‘:resse;é this
issuc—‘, the best evidence comes frcm & study of a masticatory muscle
in the pig, the mzsseter (Herring, Grimm ané Crime, 1970). Using
correlative électrophysiologiﬁ:al, histochemical and morphological
technicues these authors demonétratef‘: unequivocally that patterns of
EMG activity in the normally acti:‘ge muscle demonstrated regional
differences: which were di;ec‘\t‘ly related to the chewing load
reguirements. »? histochemical analysis of the muscle revealed that

posterior portions of ther masseter . contained predjminantly

fast-twitch fibre types, vhile the more anterior ccmpértme'ntsrwere

- mainly slow-twitch. 2lthough no analysis of motor umit territories

was presented, Herring et al. were able to demopstrate that fast anc
sldw muscle fibre campartments displayed a fungz:na] specielization,
in that the fast glycolytic compartment of the muscle was active
during mcvements of crushing or‘_)the pov;ve1: stroke, while the
slow-oxidative fibres were active throuwghoct t masticatory
contraction. O'Ihe results from this stud‘;. erefore \ proevide the -
strongest'widence that histochemical carpeytmental i atiorj in &
ske.letal muécle- is directly-cotrelated with nﬁ'llnal functional , rather

“'\“‘

than metabolic, activity in the muscle. \
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The quéstion of functionzl campertmentalization in skeletal
muescle has zlsc been iﬁvestigated ircdirectly, by er analysis of
muscle sub-volumes dJefinedé by electrical stimulation of either
ventral roots or rootlets of small intramuscular nerve branches.
Sherringtén's (1°0€) anvestigztions of the ventral root innervaticn
of hinélimb. muscles in the cog reveale€ an apparent segmental
pProgression in the motor innervation of single long thigh muscles.
'I‘hgse observations were later con_{irmed by Markee and Lowenbach
(1245} who used electrophysioloaical techniques tc cGemonstrate that
in muscles which receive e‘ff@}ent’innervation fran more than one
ventral root (i.e. rectus femorus), electrical stimulation of the
mcre cranial root produced contraction in a proxirqa] part of the
muscle while stimulation of the more caudal root eveked EMG activity
in & more cistal portion of the same muscle. While. it has been a
long-stzncing clinical observatjcn that muscles with a plurisegmental
sanjtic origin like the diaphyaom or pec®oralis receive a progressive
segmental motor innervation ‘illiams ané Warwick, 1¢7%), it is of

crest from a development point of view to note that the same

.pattern progressive cranio-cauvdal ventral root innervation may be

observed in limb musculature. -

These obsérvations, combined with Cohen's study of the
localization of the stretch @ex, le¢ cwett, Fléred and Buchwald
(1e70) +tc¢ prog‘ose— thet some’ plan cof somatotopic specificity must

exist between the muscle and its senscry and motor innmervation. In

PP -

Y
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their investigetions of the cat medial g:.gstroc-nemius, Swett
showed that electrical’ stimulation of ventral root filamerts
craniocavdal seguence evcked cverlapping zores of contractior ir o
preximal to éistal sequence in the muscle and also noted a small but
consistent post-fixation in the level of sensory outflow to the
mecial anc leteral gastrocnemii as well as te the soleus (i.e. the
motor outflow to thése muscles always originateé cranial to the level
of scnéorfy outflow for each muscle). 1In an earlier examination of
the sensory innervation to the gastrocnemius and soleus, ®wett anc
Elcred (1959) héc‘ described a much less precise somatotopic afferent
/ig}egyétion of the muscle. A number of subsequent Iinvestigations of

lother skeletal muscles (e.g. Brown and Booth, 19€2) have appeareqd and

the results indicate that a segmental progression in ventral r

innervatibn is net uncammon, althcugh not without exception (e.q.
’ '

foot musculature, Sherrington, 1°90€; Ramanes, 1964). \
More recently, the a-rea of a mlgscle innervated by small-
intramuscular nerve branches has -been investigated (see present\'
Results also). Electrophysiological recor‘dings (English  and
Letbette;:, 1202; Bodine, Roy, Meadows, Zernicke, Sacke, qurnier and
Bdgerten 19€2; Botterman, Hamm, Reinki;'ng and ‘Stuart, 192, b) and
glycogen cdepletion studies (Letbetter, ]9:74; Frglish, 1920) in .cat
hindlimb muscles reveal that each intramusgular nerve branch supplies

a cdistinct muscle sub-velume., Mditicnally, it has been shown that

incividual nrerve branches supply different histochemical compartments
Y L

!
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in the cet FCR, anéd form distinct meotor ené—platé/éds that are
correlated with the fibre type compartmert (Galves and CGenyez, 1°F0).
These types of experiments indicate that skeletal muscles may be
functicnally compartmentalized, at least under certzin experimental
conéitions. wWhile in some cases this experimentally-evoked
campartmentalization goes reflect how the muscle is used behaviorally
(i.e. the pig masseter and the rat CT™), there are excepti‘cns where &
muscle which has distinct nerve branches inperveting different muscle
sub-volumes is founé to contract as one unit (i.e. the cat
semitendinosus, Boc’.i,fe et al., 1962; Bottemman et al., 19€2b).

To summarize this secticn, it appears that a large number of
skeletazl muscles show distinct fibre type ccmpartmentallzatlon which
in & few cases has been cdirectly correl-ated with functicnal actnuty‘
in the muscle. These t.ypes of experlmenu\ sup;zort the idea that in
normal behavioral activity, skeletal méscles may demonstrate patterns
of regional ‘contractions rather than or‘es involving the whole.muscle, -

4. Reletionship of Structure and Functlion

One aspect of investigations ih’o metor system organization
that has aquite recently come under cloée sc;utiny is the disparity
between the results determined in experiments invo]ving.decerebrate
_or spinzlized animels and the patterns of muscular activity cdisplayed
by the awake, normzlly behaving animezl. There are several inherent
difficulties in extrapolating these ex;erimental results to the

mgvement of normally active animals where for one thing, movement is
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nct the result of isolated muscles but rather is the combined ?'P‘E:ut
of meny muscle groups responsive tc e veriety cf load requiréments
cver severzls Jjoints (Clamann, J]SFl:; Botterman et al., Jofzb).
Furthermore , 'wifh respect tc compertmentelization, hindlimb muscles
¢c nct exhibit the range o‘:f functional c'unplexity or the numbér of
behavior}al tasks performec by ferelimb rmuscles (C-oﬁyea ané Ericson,

1£77), anc thus may not be expected tc show e very high degree of

functional compartmentalization. These considerations st}t'ess the

-
. need for anelyzing muscle function in normally’ behaving animzls ané

in muscle grogps which are used for fine movements or menipulations
rether than for posture or bal]is.tic- movenents.

An additional consicderation in the analysis of motor systems
1s the role of the internal architecture of the muscle with respect
to muscle function. Theoretically, @ muscle consists of a number of
muscle fibres which are arranged in 2 geametric pattern between two
simple or complex connective tissuve surfaces. The * simplest
arran'genent is, of course, a parallel]l fibre arrangement where muscle
contraction develops force ,along one vector. While many {:f the
general principles of muscle physiclogy have, been established using
strap-like parallel fibred mu;éles, this type of arrangement does not

characterize mcst muscles (Gans and Bock, 19€£), In fact, many

skeletel muscles are characterizec by complex ‘internal aponeuroses

4

where the ‘muscle  fibres lie in various parallel but staggered

arrangements (e€.g. gastrocnemius, masseter). These pinnate muscles

\ .
- 1S -
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(pinnation refers to the orientation of the leng axig of the muscle

fibre with respect to the direction of exerted force or irduced —

mctiorn; Gans and Bock, 19F5’) are obv“iously suited to cevelep forc-e\ —
along more then cne vector. It stands to reason 'then, that there
shoulcd be 2 functional correlate of this anatomy, i.e. that selective
regiénal contractions may be evcked accerding to sedmental or
supraspinal camands. The paucity of reports in the literature which
deal with functional compartmentalization in sinf;le muscles may stem
in part to the difficulties of matchimg experimental conditions to

™the way in which the nervous system activates motor Units
selectively. The fcllou'igg section will briefly examine some of th

\ —
literature which deals witl the afferent dontrol of movement and wlét "

(—N@agéns this may have for the internsl organizatio;)' of

motoneuron pools.

C. EVIDENCE FOF AN INTERNEL CRGANIZRTION OF MOI‘ONEURON POCLS
_

The pattern of regional contractions seen within the CTM that

can be produced by its reflex activation indicates that out of the

whole motonevron pool supplyingc&he muscle, small subpopuletionp‘of

motoneurons can‘_éae sclectively activated, {:The major cbjective of

this thesis was to see whether an anatamical 'drganization of the CTM

pool could be revealed thet related to the. reflex behaviour of the

muscle. Although the diviéion of muscles into discrete subvolumes by
' .

their mzjor motor nerves has been recently cdemonstrated (see Section

Il1, B), only cne other report (an abstract) apart from this thesis

'-":-—-.ﬁ
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hasg appezred icentifying the relative (anatom_ica]) spiral cord
locations of moteneurons supplying cdifferent muscle sub-volumes (in
. the cat medial gastrocnemius; Weeks and English, 1¢P2).

There 1is, however, an extensive literzture fealing with the
functional organization of synaptig input to motoneuron pocls. In
both animals and humané there 1is a great deal of physiological
evidence tc indicate that synaptic input tc motoneurcons from
segmental and supraspinal sovrces is topographically and functionally
segregated (see re\:iews by Botterman, Binder and Stuart, 1°7f; Burke,
12€1; Clamann, J9P1; Henneman and Mendell, 1°¢1; Schwindt, 1981).
However , .h?_n_ile many of the conclusions drawn zbout patterns ‘of
synaptic input to mtcneur.on pools have typically been based on
intrace}luler recofdings fron cat lumbosacral motoneurons, the
difficulties of obtairing precisely cuantifizble measurements unde;.
these recoréing conditions has not been given much attention. Many of

the wvariables affecting motoneuron excitability, ané thus the

measurem of postsyneptic potentials, are difficult to contrel

rigorpusly f animal to animal and fram cell to cell (e.g. the
of anesesthesia). 2s noted by Burke (19f1) the most stringent
conditions require the evaluvation of evoked postsynaptic potentials
in type-idenrtifed meteneurens by functicnally-identified afferent
inputs. Cbviously these conditions can be met only m certain mono-
or ci-syneptic systems which preject directly or through e

well-defined set of second order interneurons to motoneuron pocls.,



Since polysynaptic pathways themselves are not well understcod (see
Schwindt, 19f1), attempts at gquantificatior of these input systems
are fraught with even greater difficultlies. Despite these
methodological crawbacks, certain general principles have emerged in
tf‘-e study of synaptic input systems to motoneuron pools. For the
purposes cf the present discussion, they may be mest coenveniently
divided into monosynaptic (i.e. largely segmental) and polysynaptic
(Fredominantly supraspinal) pathways. —

C 1. Crganization of Monosynaptic Input

The origin of monosynaptic input tc motoneuron pools derives
predominantly fram spindle, cor 1la, afferents (Eccles et al.,]19%57)
with a minor proportion coming from Golgi tendonl organs (GTCs;
Kirkwood and Sears, -197%) ané from a few supraspinal sources (e.g.
the vestibulcspinal tract; Schwindt, 219f1). The most thorowyhly
studied of these systems is the Ta projection, where it hes beer
shcwn that reflex activation of the spindle resuvlts ir direct
excitatory post synaptic potentials (EPSPs) in motoneurons supplying
the same muscle (homonymeus motopeurons) as well as in motoneurons
innervating synergist muscles (heteronymous ‘mt?neurcns; Eccleé et.
al., 19°7; Burke, 1977; Bottermman et al.,]%f2a). Intracellular
investigations of c¢at triceps surae motoneurons indicate that Ia
input is strongest ir homcnymous motoneurons,I in terms of EFSF
emplitude (Burke, 1°f1) and in the.ex.tent ¢f JTa prejections, vhere a
single la afferent may synapse with 65~04% of its homonymous

!
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metoneurons  (Mendell and Henneman, 1S€€; Scott and Mendell, 1676).
Sfince the ;nctcneuron pocls of tricéps surae muscles overlep and
intermingle within the same spinal corci'.segments, the observed
preferential projection of spincle afferents tc their own moter pool
mest be bosed on more than simple geometry. The term ‘'species
specificity" was proposed to dJescribe this cifferential synaptic
cqnnec:tivity of la afferents (Eccles et al., 1957; Scott and Mercell,
1676}. The observetion that spindle afferents provide excitatory
input to motonevrons driving synergist, but not to antagonist,
muscles (Eccles ‘et al., 1957; 19SR) is indicative of a further
functional organization of synaptic input to motoneuron pocls., 2s
pointed¢ out by Botterman et al. (]S’E"Eb) observations ‘hat 1Ia
connectivfty is related to muscle synergy stress the neec for
.anelyzing muscular activity in terms of movement rather than (or at
least in acdition to) individual muscles.

A further level of specificity in Ia preojection patterns can
bc seen in the intramuscular localization of the stretch reflex,
first demenstrated by Cohen (1952; 195¢) and later confirmed and
extended by other investigators (Brink, Jinnei ané Wilson, J19f1;
Bilotto, "Schor, Uchino and. Wilson, 19f1; Fritz, Ilert and faggau,
12f1; Botterman et al., ]993‘-"'. b). JUn a recent physiclegical
investigetion Bottexman et al. (19€24) Ccemonstrated a clear
topographic organization of the biceis_?mo:is moter pool, This cat

hindlimb muscle consists of three~ iftramuscular compsrtments in
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perallel with each other aré each supplied by separate nerve branches
V(English enc Letbetter, 1€F)l). Intracelluvler recordimgs fram the
biceps mctcr‘.nuc]eus revealec thet the mcre crarially-located
moteneurens  supplied the  anterior muscle coémpertment while
progressively more czucdel motoneurcns supplied middle ané pcsterior
o,

carpertments  (Bottermen et al., 19Fla). These ecthors examired the
pettern of la L[FEPs in biceps motoneurons and found that motoneurcns
reccived the strongest Ia input from spindles located within the same
carpartment . These studies previde the best evidence to date of thé
locelizaticn of monosynaptic input within individual motoneuron
pools.

The observation that muscle receptors (both spmdles anc
GTCs; Camercr, Bottermén, ‘Reinking and Stuart, 1°P1) preferentially
drive those motcnéurons innerva'ting muscle fibres in the immecdiate
vicirnity ;:f the recepter led to questicns abcut the anatomical basis
of this specifici‘ty. was this. apparent tcpographic organization.cf
syn{::ptic input a2 purely central phenomenon, or were the dorsal root
fib;es spatially organized in ‘their projections (e.g, as had beén
danenstrated for the pattern of ventral root innervatior of certain
skeletal muscles; see Section II, B,2)? Plthough a large nurber of
reports indir;at-e that there 'is 2 definite functional localization of
Iz ang 1b -input within motcneuron pools,j there appears to be very
little relaticnship between the peripherel Jocaticr of 2 spincle -cr

- .GTC in the muscle and the relafive order cof int/rénce cf their
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afferent fibres into the spinzl cord (Swett ané Eldred, 195¢). In
the light ‘;f these findings then, it would appear that the
saretctepic crganization of menosynaptic  (Ia and Ib) ccnnect%vity ir
motoneuron pocls is mest likely Setermined by facters other than the
spatiai crcer of certrally-prejecting dorsal root fibres.

It is important te note that not all skeletal muscles
demcnstrate a clear tepographi¢ organization of their motor pools.
The mest thoroughly investiéeted example of this is the cat
semitendinosus, z hinélimb muscle which is divided into distal and
'prcx%mal élca"npartrﬁ;ents by @ connective tissue bend, éith: each
compartment supplied by a2 cdifferent nerve branch (Eoding et al.,
(1982} . Although the internasl architecture of this muscle suggests the

twe compertments may be independently activated, EMC analysis reveals
that the musclg ta§ds to function as one unit during locamction
(Murphy, Bodine ’ans\‘Foy,- 12€1)., Intracellular anelysis of the.
semitencdinosus mcggf pool reveals 2 hamogenous .@istribution of 1Ja
conhectivity (Bottérman et al., 1982b), while the motoneuron pool
itself does not show any internal (spatial) organigzation
correspond@ng to the two muscle compartments (Bodine et al., J982).
As pointed out by Botterman et-al. (1982b), the in=Series arrangement
of the two compartments almost requires the muscle fo functiop as 2
unit fiipthe effective cevelcpment of force, therefore the’iack of
topographic orgaﬁization in the mctor nucleus is not surprising.

Another .characteristic of the functiofiz] organizatiorn of

’_’ : .
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motcneuron pools derives from the observation that spindles and CTCs
are found predeminantly irn slow-twitch muscles or ir slow-twitch

canpertments cf heterogencus muscles (e.g. Richmend znd 2brahams,

'1975a,b; Pottermar et al., 197f}. These cbservaticns have lead to

numercus investigatiorms of the functionzl association betweer muscle
recepters anc moter units (reviewed in Cameron et 2l., 1°978; Burke,
10F1; Henneman anc Mendell, 19€1). One clear principle thet emerges
fram these studies is the obvious one: that there is a preferential
projection of Ia anc Ib afferents according tc moter unit type,
Slcﬁw-—type motoneurons r'eceiving a2 much stroﬁger projection than

fast-type mtoneuronsT the same pool (Eccles et z2l., 19%7: Burke,

196€). In fact, this)| pettern of synaptic efficacy’ (where slow

motoneurons are preferentially driven by muscle receptor ’input‘)
characterizes & number of other di; ané {:;:]ysynaptic projection
systems to -motoneuron pools (see below). Interestingly,
investigations of mnosypa’i:tic input from supraspiral sources do not
show any cotrelation }th motor unit type (Burke, Pymer an& ¥dlsh,
197€). / o "

T¢ summarize, investigestions of the monosyhaptic projection
patterns of Ia and 1Ib afferents reveal the existence of both
functional ané spatiel organization of this input to individual

motoneuron poeols, where the tcopographic specificity between muscle

receptors and metor units is preserved‘within the central (spinal

. corc) circuitry. There is a further segregretion of monosynaptic



input tc motor pocls that is clearly related to motor unit ‘type.

2. Crganization of Polysyneptic Input

Poiysynaptic input to moteoneuren pools origi‘n;-.ltes fram
severzl projection sys‘tems including muscle rece‘ptoés {i.e. spindles,
GTos and Jjeint rec;eptors), large an¢ small diameter cutaneous
afferents, ané a number of brzinstem ané cortical pathways (i.e.
rubrespinal, vestibulospinel and corticespinal). These projections
(lwhich by ¢efinition involve one ¢r more intermeurons) do not exert
their influence on motoneurons which are otherwise electrically
quiescent, but are frequently found to facilitate or inhibit other
currently active input systems which synapse onto tonically-active
motoneurons (Burke, 1981; Jankowska and Lundberg, ]991‘;, Sch;:indt,
*1981),.thereby making quantitative measurements cf synaptic input
cxceedingly éiffic.ult. There is, however, substantié\l evidence
/ indicating that rather than havinnj_ a "'private“ set ¢f interneurons

for each input system, that a limitec'il nunber of interneur;:n pools are

shared (e.g. Harrison, Jankowska anc Johannisson, 19F2; Jankowska and

» . McCrea, 19€2). It will be most useful to discuss these projection

systems in categories, according to the similarity of effects ‘exerted

by them on motoneuron pools.

-

very simple level motcneuron pools may be subdivided
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ventral horn of the spinal ccré. Extensor motonevreon pools exert the
opposite mechaniczl 'action at a joint, i.e. extension of the limb,

anéd are founé more medially within the ventral hern (Lancmesser ,

197eb; Hollyday, 319¢C). A number of polysynaptic pathways have been

shown tc provide primerily. excitatcery input to flexér motoneuren

1

poels anc inhibitory input to exte_nsoi‘ motor pools. The converse has
been found for other polysynaptic projzction systems.

El&tgcal stimuletion of cuta-nﬂ:bs nerves in cat hindlimb,
at intensi.ties sufficient to activate the small.diameter fibres I(c.g.
nociceptive alffcrents) results in EPSPS in flexor n_wofoneurbns (f:ccles
anc ]:une;berg.,, 1952)., In studies of the projection patferns of CICs
(Harriﬁon et al.,]92f2), and of the corticospinal and rubrospinal
tracts (Brodal, 1°€1; Schwindt, 1981; Hongo, Jankowska and Lundberg,
1%6%a,b) it was concluded. that these systems provide mainly
excitatory input to flexor motoneuron poc]'_s and irhibz:tqry input te
'ex.tensor pools. The vestibulospinal tract appears to provide .the
opposite pattern-of input to motoneurons, where flexors are inhibited
and extensors are e:gcited {Schwindt, 19f€1). These studiés show that a
number <of prdjecti&' systems to .spinal cord motoneurons

i

spatially distinct. ‘ 4

preferentially cdrive pools of motoneurons.that are. functionally and
Within_individual flefor énd extensor motoneuvron pools there

is e furthé"r s¢gregaticn of polysynaptic input, which appears tc he

strongly correlated with motor unit type; this pattern perallels the

A
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cnc described  for monosyﬁaptic prcjections where slow-type
mctoneurons receive @ stronger input than do fast-type motoneurc;ns.
‘Ebcamples of this include the dcisynaptic projgc-ti:ms c;f‘ Ia and Ib
afferents (Burke, Jankowska and ten Bruggencate, 1970; Burke, Pymer

and Walsh, 197¢) eas well as the polysynaptic preojections of small

cdlameter cutaneous afferents (Burke et al.; 1S70) onto spir)al_'\

motoneurons. The opposite recruitment order (i.e. fast motoneuroys
activated before slow mctoneurons) is characteristically seen . i
response tco iﬁput from large diameter cutaneous afferents and from
the rubrospinzl tract. Burke et al. (1970) have shown that electriczl

. . ‘ ' i .
stimelation of the red nucleus or of the sural nmetve in cats, most

1
1

rel _iably evoked EPSPs in fast 'type moteneurons while often .none could
be reeordcd in- the type-:identified slow motoneurons. "Although the
slow-to-fast recruitment oréer of motoneurons -hé's, in the past, been
asé.umeé to be & rigidly fixed feature of motor control (Henneman and
Mendcll,‘li‘tl), ﬁhere is increasing evidence that this is not the

case. Vvhile the studies of Burke and cclleagues described above

provide the mcst direct evidence, a number of indirect studies =zlso
-~ . .

support the ides that fast motoneurons may be recruited before slow

in a variety of conditions (see Clamann et al., 19f2; Pinter et zl.,
1%€2. Desmedt ané Godaux (19°1) have given evidence that motor units

in the human intercsseus muscle are recruited in order of slow to

- fast during veluntary abduction of the irdex finger. However, whent

the muscle acts as a synergist rather than as main mover, a certain

N

D
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percentége of these units reverseé their recruitment order so that
fast ones were active before slow. Such studies lend s_rpport to the
'mea that motor canmnznds are pctternec in terms of mevement, rather
than in termms of individual muscles. The extensive projection
patterns of spindle and GIC afferents to synergist motor pools
(Gescribed in Section II, C,]) suggest a morphological basis for this
at the segmental level. Interestingly, a recent report by Humphrey
anc keed (1922) demonstrates the existence of two cuscrete lccatxonc
within the wrist ares of the motor cortex in primates which appeer to
- prefefentially evoke flexor or éxtensor activity respectively in. the
wrist an¢ proximal arm mﬁscles,: Such studies support the idea that
motor circuitry is not rigidly wired such that smell slow-twitch
motor umits are inevitably brought to action first and large
fast-twitch units secondarily, but rathe?: that the nervous system is
able té select out the appropriate type'(a canbination) of mector
units required to execute the immediate moto:dta}%.

To conclude this settion, polysynaptic projectior systems
appear to be organizeé , on one level, in terms of the flexor or
extensor properties cf motoneuron pools. On a more refined level , the
synaptic efficacy of these input systems shows g strong correlztion
with motor unit type. The general conéiusion vhich may be drawn from
all the studies reviewed in this sectlon strongly supports the idea

that motonu.ron pools within the spinel ccrd are functmnal]y and

anatomically orgamzed according to the movement reguirements of the
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D. HCW 2RE PATTERNS CF MCTCR  CONNECTIVITY FESTABLISHED DURING

DEVELOPMENT?
One cbjective of the thesis studies was tc investigate
whether there was eny architecture or pettern to the association

between CM motoneurons ané their target muscle that couvl@ contribute
n N

.

tc cur understending of the Qay in which the nervous system develops.
Frar the literazture revigwed abeve, it is cieéf that the aduit mctor
system is characterized by speéific and stereotypicr patterns of
synaptic connectivity, a number 6% which have dJdistinct spatial
correlates. Oné question that arises is, how does this circuitry
become established during development? 1Is t?a.ere, for example, an
initial réndan outgrowth of axons followed by a subsequent‘pruning of
incorrect cr. redundaﬁt contacts?  While there exists é vast
literature on- the development of the nervous system (a‘rpviev: cf
which is Ecyond_the scope and requirements of this thesis), in thks
section I have chosen to focus meinly on the ‘evidence thqt a 1afgely
intrinsic (i.e. genetic) developmental program is responsible for the
establishment of the Erimarz cytoarchitecture of the nervous system,
and th§t only lzter in development d&o extrinsic, or environmental,

influences shape the finzl petterns of neuronal circuitry.

1. Intrinsic Factors During Neurogenesis.

The embrycnic cdevelopment of the nervous system is

characterized by 2 number of orderly spatial and temporal gradients
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in the crigin, mrigraticn _anc settling petterns of neurcblastes

(Hamburger, 194f; Fujita, 19F4; Nornes and D:as, Je74; Hellydey ard

Harburger, 1977; Holley, Wimer arc Veughn, 1¢#2, a, b, o). 'rritiftt-x’.

(‘?H-) thymidine studies (e.a. Fujite, 1964) have _demonstrateé that

the precess of neurogenesis begins in the most rostral aspect of the

embryonic spinal cord (or neural tuf)e) and proceeds in the cau‘da]
N

direction. (Interestingly, & similar-maturational gradient along the

proximo-distal axis of the limb bud appears to exist for the process
of Menésis (Bonng_r_ and J\damsj, 1op3; Rutz', Raney and Hauschka,
19€2)}. Within 2 given transverse segment of the spinal cord, cells
originate in an orderly gradient along t'he ventral tec dorsal axis
with large, medium and small neuvrons (;’Onghly corresponding to

motoneurcons, intermediate gray, and substantia geletinosa neurons

_ respectively) generated sequehtia]ly in groups w1th some temporal

1

-

overiap (Nornes ané Das, 1974; Sims enéd Vaughn, 1979). It is of
interest_ to note that these three embryonic populations of neurcns
-show characteristic distinctive migration and settling patterns. 1In
-‘ regions which develop from the ventral portion of the neural tube,
the cells migrate out and orgenize themse]ves inte longitudinal
- columns, i.e. the motoneuron columns of the spmal cord and bramqt)
(Romanes, J1%64; Fidman, 1€7(; Nornes anc Da=;, 1274), Neuvrors which
develop from the‘ corsel region of the neural tube display an active

migration through their prececessors and settle in 2 leminar pattern,

i.e. the dorsal horn of the spinail cord, tectum, cerebellum, and
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cortex (Sidmen, 197C; Nornes ané Das, 1€74). PMeurens which develop
from intermediste portions of the neural tube (the interneurons cof

the intermecdiate gray matter) settle redially ené dorsally in &

diffuse pattern upon the columns of metonewrcns and subsequently uper

their prececessors (Nornes and Das, 1¢€74; Simes anc Vaughn, 107¢),

R number of classical and elegent studies have shown that the
€arly deve}ognent of the _nervous system procecds according to a
largely intrinsic timetable. The most thorough and peinstaking
analyses of this question have been made by Landmesser and Pilar
(1274a, b, <c¢) in the chick ciliary géng]ion whereld
electrophysiological, light- and electron-microscopic techniques were

used to characterize the normal pattern of cell death in this system

anc¢ the abnormal petterns of development in genglia surgically

disconnected fram their target orgens. Landmesser ané Pilar showed

v

that ganglion cells lacking 2 target organ éifferentiated in normal
numbers and sent axons cut tc the perriphc—ry; acdcditionslly
cheracteristic synapses were formed with them by pregang. ionic axéns.
However at Ftages 25-26 when mnormal ganglion cells have formed
synaptic connexions with. their target orgens, the gang].ion cells
deprivec cf a periphery underwent messive cell death. Less
canprehensive investigetions in amphibian (Hughes, 19¢f; Hamburger,
1¢77) and mamalian (McClennan and Hencry, ’JS‘P]) embryos provide
adcitionzl support for the idez c¢f ar early ircependence and a2 lrter

depencence ™ for survival of neurons upon their terget organs. The

F-s

b\
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abcve investigestions suggest that the unfolding of 2
rigidly-specified develcpmental progrem is responsible for the
establishmen-t cf{ the primery cyteczrchitecture upor which the adult
nervous system is burilt.  Thot excised anc transplanteé pieces cf
n-eural tube will ge or. tc form recognizable brain and spirz] coré
structures either in culture or in host tissuves .(Pa]insky, lerl;
ﬁ‘bacobson, 197f) provides acditionz] support for this interpretation.

3l-l—tt‘.ymidir:e studies in- bir¢s (Hollyday and Hamburger, 1€77)
anc mammals (Nornes and Das,“]??d) have clearly shown that the sinale

- N

continuous Iongitudinﬁa\lx éo]uni:!%.of motopevrons, first laid down curing
neurogenesis, later segregates into two lerge clusters (as seen in
transverse section in the brachiel ané lumber segments), the viscersl
and 'somatic motor ccll cclumns.  The somatic, cr leteral motor cell
column (LMC) subsequently subdivides into lateral ané medial columns,
which in the mammal mest clearly reflect a funct‘iona] organization:
the ]::'ceral motor column supplies the innervation to predominently
extensor muscles; the medial column drivs flexor muscle groups
.(Rcmanes, 19€4; Szekely and Czeh, 12€7). Behavioral ané EMG e'zna]‘ysis
of locomotor activity in normally active chicks show that muscles
@ich are cc-activated cduring e verious phases of the step cycle
have motor pools located in simijar topologic positions. along the
longitudinal extert of the BMC (Jacobson and Hollyday, 1962a, b). In
sdciticn to an epperent structure-function relationship cof rno-tcr

nuclei, silver-stzined preparations cf cet spinal cordé reveal that

f ,
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motoneurens within a single cluster tend te have similerly oricnted
denérites, “with—-neighbouring clusters  Ccisplaying Eifferent
orientctions féprague and Ha, 1964). Longitudinally-criented
dencrite buncles have been described in light and electron micrograph
sti‘.;;iies (Sterling and Kﬁypers, 19¢€7; _;‘chc-ibe] ané Scheibel, 1°70;
Echoenern, 1982)'; the speculation hes brer put forth that these
bundlesr msy provide the besis for cammon presynaptic inpets.  The
results of this thesis indicate that within a single moteneuron peol
distinct dendritic buncles exist; this may possibly reflect the
different functional activities -(an¢ thus the different presynaptic
inputs} cf the metoneurcn sub-columns e]aborating these dendrites.
The studies described above therefore seem to indicate that the
.spetial orgenizaticn of the nerv.'ous system laid down during early
-embryogenesis has 2 functional correlate in the acult.

| The onset of synapse formation within the spinal cerd also
occurs  according te  a reﬂ’a{k‘ably inverjant timeteble, along
predictable spetial gradients. Pmdhg the first observeble responses
of biré¢ and mamal (including human) embryos to envirommental stimuli
is the withdrawal of one or both forelimbs in response te mechanical

or e.-lec'tri_r;*.al stimuli applied to one forelimb (Windle 'and Baxter, )
1€26; Wincle and Fitzgelrald, 1c237), Recent‘ correlative
autcradiographic, ™ and. behavioral-".s'tpdies of the forelimb reflex in
rccents confirm that the cnset of synaptogenesis in this simple

reflex circuit appears to be determined largely by the sequence in
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which comporent - nevrons are generated, i.c. synaptegenesis begen
first in the ventrezl bhorn neuropil between' mctoneurcns and
internevrons, an¢ later was observed in the dorsal neurcpil between
interneurons an¢ corsal root ganglie projections (Vavghn and
Grieshaber, 1972; Sims ené Vaughn, 1907¢).  Furthermore, the
precociove, intermediate and late deve\lognsnt of reflex traits
characteristic of three different species of mice was chown to have a
gencticelly-associsted varisbility (Vaughn, Hendrickson, Chernow,
Grieshaber ané Wimer ,' 1975; Sims, Vaughn and Wimer, 19Rl1). \_/
Electrophysiclogical investigations of the dJevelopment of
coérdinated mctcr,.ioﬁtput in the hindlimb of chick embryos indicates
that the neural circuitry, i.e. the mctor programs, appropriate for
alternating agcnist-antagonist muscle activation are established
within -the spinél_ccré wit.hout detectable synaptic input fram either
afferent cr Gescencing sources (Narayanan and Malloy, 1074; Bekéff,
Stein and Hamburger, 197%; COppenheim, *197%; Bekoff, 1976).
Cbservations of the patterns of -embryon'ic' motility in chick embryos
following surgical transposition of brachial and lumbosacral spinal
corg Qegrnents have further indicated thet the dJifferent n;:Jtor‘
programs for ‘walking or flying are intrinsic to specific spinal coré
‘segments very e€2rly con in embryogenesis ‘(Straznicky, 1e632; Fzekely,
1968; Narayanan anc- Hamburger, 1©71; Hamburger, 1°977)s The results
of electrophysiclogiceal investigatior_xs B.f the sequentiel input‘—out.put

maturation of the kitten motor cortex (Fruce and Tatton, 1980}

r
.
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providc further support for the concept that the mctor :systtls;rn matures
in advance cf, and likely without significant input from the sensory
system. It hes further been shown that S€NSOYY NEurons appear to
have an wnexpected cdependency on motonevrons in establishing their
pcripheral connexions: by removing the motoneurcen-containing regicns
cf the neurel tube in chick embryos {prior te outgrowth of motor
axons), Landmesser, C'Donovan and !-ionig (19?3) foun@d that, while the
muscles were present, the sensory nerve bundles usually supplying
them were absent. | These studies strongly inc’icatg that the
establishment of the basic patterns of motor circuitry follows =2
rather rigid and predictable developmental program, which appcars to
be correlated witl;f,_ distinct spatial  characteristics of the
 motoneurons themselves ‘;\é\xtakes place without rmx.:h pesieheral or

centrel input. I

'
7

“There is, however; a large body of experimertal evjdence
dealing with the ovtgrowth patterns of motoneurens, showing that
despite an initiel specific projection pattern, motcneurons are
capable of responding toc an altered periphery (e.g. Landmesser,
-19782, b; Lance-Jones and [anc‘*messei, 18fNa, b; Wwhitelaw and
Hollyday, 1¢f2a, b, c). Such studies provide information about the
mechanisms by which motor axoms reach their appropriate targets. The
remzinder of the Background therefore will be concerred with how

envirormental cues play 2 role in the progressive development of the

adult motor pool map.



2. PRole c¢f Invirommental Cues

The electrophysiclegical ané merphological evidence reviewed
above indicates that much of the organization displayed in adult
mctor projectich petterns deriQsi largely from spatial ané-tew@ora]
.gradienté laié¢ down during early neurégenesis. These observations
have given rise tc a number of hypotheses, contending either that the
entire pettern cf motor c_ircuit‘ry mey be accounted for solely by

spetial (cr "mcrphogenetic") features (Horder, 1°78), or

a

alternatively by ‘lergely temporal-maturaticnal factors (Bennett,

Davey and Uebel, 29P0)., While it is clear from in vivo and _1_[‘_ vitro

expcriments that growing axons display patterns of fesciculaticn and
an active responsiveness to the mechanical suEstrate over which they
grow (Harrison, 101C; Speidel, 1922; Weiss, 1924; Letourneau, 197%a,
" b), it is equally apperent, perticulerly fror limb grafts and spinel
cor¢ celetion or reversal experiments in chick eambryos (I—Iémburger,
1934; Hollydey, Hamburger and Farri‘s, 1977; Morris, 1978; Lance Jones
an¢ Lancmesser, 19P1b; Hollyday, 19F); Whitelaw and Hollyday, 19¢Zza,
b', c), that motor axons are capable of recognizing and respondmg ~tc
specific cues in the limb bud 1ndependent1y of spatia)l and temporal
factcrs.

Investigationsv of the patterns of innervatioﬁ of
supernumerary limbs in chick embryos suggest that 3 number  of

develepmental mechanisms is likely to influence the pattern cf motor

prcjections in the normal  embryo. While the besic topographic

s



orgenization of motor \pecls in the IMC remzined unchanged cGespite the

acCition of a supernumerary leg, one consisternt cbservation was that .
laterally-locateé motongurons drgve rr(uscles derived¢ from the DM and
mecially-positicneg tcneurons provided the innervation to muscles
originating from the WM (Hollydsy, Hamburger and Farris, 1¢77;
Morris, 197¢; Hollyday, 19f1; Whitelaw énd Hollyday, 19€3b) .’ These
?:esults cemcnstrate & selectivity on the pert of motoneurons for at
lezst one characteristic of\%novel target tissve, a preference
also evident in the normal development of limb innervation 16.9.
Lanamesser, 197€a). Furthermore, it was [de that both the type ‘Of
plexus and the cetailed pattern of nerve bra‘nE’ﬁ}i{ng were determined by
the type of limb (i.e. by the target jtself) and were not intrinsic
to the segmental nerves (Morris, 1‘_‘3178; Hollyday, 1¢f1). These
results provide: support for the idea that cific envirormental cues
pfese-nt in ﬁhe limb bud provide/ pathway seleckicn and guidance for
the growing motor axons. Farly innervation studies in normal chick
embryos suggest that from the outset motor axons grow to the region
in the limb bud where their target muscle will -eventually
/"d“i}e(gntlate (Lanc{nesser, 1978a; Lance-Jones and Landmesser, 19F1a);
this evidence is mﬁahble with the idea that exons explore the'
entire limb in scarch of suitab?e targets.
A very thoughtfvl and elegant series of experiments by
@

Whitelaw and Kollyday (19€2a, b, c) invclving deletions, duplications

and rctations of partial or camplete limb buds in chick embr yos
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L
throws further 1light cn this issve. In experiments where limb
i

segments (i.e. calf, thigh eor foot) were surgically cdeleted,
3H-thym;i.ciine actoradicgraphy shov.éd a2 selective loss of the metor
cqlunns normall; supplying the cdeleted segment. These findings do
net sﬁpport the concept that the timing or spatizl arrangement of
mctor axons in the limb bud is unigquely responsible for the motor
projection patter'ns- (e.g. Horder, 1978; Bennet, I_)avey ané Uebel,
1280), but rather imply a "matching. up" of moctoneuvrens and their
i

targets. In serial and parallel lications of leg segments

motoneurons were ' found to terminate ir-/a particuler locaticn (i.e. 2
specific segment) rather than at a specific musc]e.e (Wwhitelaw ard
Hollyday, ‘1983b) . The implication of these experiments is that Gf'\c‘er
the imposed (experimental) conditions, the targ selectivity
expressec¢ by motoneurons is under some‘kind of '4::-01 cver the
proximo-cistal growth.- The last series of experiments (¥hitelaw ané’
Hollyday, 1¢%22c), invollving limb bud rotations about the
dorso-ven_tral axis provides evidenc;- thgt the selectivity of
metoneurons for. cdorsally or v ally derived muscle is most Jikely
determineéd at the leﬁel of tf&s proximal to the limb bud. :
Cne conclusion that may be dJrawn from these experimertal
results is that e::virqrmental factors (e.g. limb bud mesenchyme) play
a lerge role in restricting the "cevelopmental potential" (Bal insky,
1281) c¢f the motoneurcn, specificall.y in terms of its outgrewth and

its final rhenotypic expression (e.g. flexor cr extensor meteopeuron) .
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At the bese of the limb bud, motcr axons checse a pathway leading t
the DMM or the WM, the choice determiped zrperently cn the basis
the position (and@ thus cn the level of maturat'icn) cf the parent cell
boéies in the spinal cord . It is interesting to W&T‘Epat such
may mechanisms depend upon. “positional information™ (welpert, 19fe,
1¢71) encoded in the \motoneurcns, related tc the majcr axes of the

- body. The fibre guidi e referred to hére is—obviously‘ c?:relattd
with the antero-pésterior anc medio-lateral axes of the ventral hornw.
anc of the limb (the antero-posterior axis of Xenopus limb is derivec
from the embgonic corso-ventral faxis, whtch\)is éi.storted by
Cevelcpment (Lamb, 1076 it is, tRerefore, a possibility that this
may also be the case for higher vertebrate cdevelopment.

From the literature revievéd in this section it .is tempting
to speculate upon a2 developmental seguence leading t].o' the
establishment of the adult patterns of motor connectivity: thr:< basic
cytoarchitecture of the spinal. cord is laid down very early in
neurogenesis _accordihg to intrirsic spatialt ané¢ temporal factors, -

"X;ithout substantial input from peripheral or cescending sources,
Sincel the initial projection pétt ns of motcr axons te their final
target sites appear to be quite ;l\'kfic, there must necessarily be
scme metching up of neurens and the’i‘r targets, hased possibly on

-3
positional information encoded in both ectodemal (i.e? spinai cord)

and mescdermal (i.e. muscle) derivates. The orgenizing principles

which ensure there is,a selective matching up‘cf motonevron peols-and
AR ) _7
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SECTION IIT ' C
RATICNALE |

Spatiél organization clearly plays an extensive role in the
development of the nervous. system. While it is cahparatiyely easy to
analyze the development of spatial patterning in a systan@
embryoni"q 'nearest neighbour' relationship of cells and/or their
axons are retained (i.e., as in the retino-tectal projection), the

question becomes extremely difficult in a system where the positional

vy

<

axes of the embryonic tis ve becane obscurecd', for exarrp&;e as ii:r

the torsion and migraticn o le masses away fram their origin.

-

Moreover the éanplex inte architecture of most skeletal muscles .

constitutes a formidable experimental obstaéle to the underétanding

of spatial relaﬁionshig;s between motoneurons and their target fieldm

in the muscle, and the patterns of reflexly-evoked contractions ‘in( '
the adult nn:scle; measured under a variety of experimental
conditions, -do not "always offer a clear picture of the li'mderlying.
arrangement of motor connectivity. " The questions addressed in“thfs—<L_.
thesis arose f'rcm observations\ of the reflex behavior of the CM, a
thin sheet of cutaneous skeletal muscle in the rat which displays a ¢
distinctly campartmentalized pattern of reflex actifration. While the
CIM is reflexly activated by segmental sensory inputs fram the skin
in the dorsal thoracic and lumbar trunk, and the local sign is
segmentally expressed, all the motor 1out[;ut originates from a

circumscribed region of the gervical spinal cord, exit?ing the
56 , ’ '
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brachial plexus to innervate the\ muscle. It is not immediately
E
apparent, therefore, how the precise somatotopic connectivity- seen in

the local sign character of the reflex may be estabplished. One
: \
%possibility is that there may be an"-’underlying anatomical

—~organization of the motor circuitry which corresponds to iche observed
behavioral pattern of muscular contractions, for example that the
/ motoneurons would be grouped in the spinal cord according to the
position of their temminal fields in. the muscle. Since the CM is
essentially a flat, two-dimensional sheet of muscle, and the sensory
nerves that drive the reflex are anatomically separate fram its motor
nerves, the possibility was pr‘esented for an electrophysiological and
apatcmical investigation of the ortjanization of this reflex. The
unique characteristic of the CIﬁ'p.repa;:ation was the opportur;ity it
gave for an examination of the pattern of motor circuitry at tl"}e
level of —ED single motoneﬁron éool. The results of such an
investigat\ion may bea.r‘ on the general question of how the specific
patterns of connectivity between neurons and thcair targets became

established during development.

’ -

)



SECTION IV

GENERAL STRATEGY OF THE INVESTIGATION

It was 'decided first to examine the behavior of the CM in
response to its physiological activation. Following this, the
distribution of the motor nerves was studied, and finally the
'organization of the cells of origin of these motor nerves. The
results fx:cm\ all of these approaches, i(3 was ‘hope'-d, would suggest at
leastvr a par_tial answer to the original question, whether not the
motoneuron organization in the_‘ spinal cord was a spatial one that
related to the.\r}e%x’activation of the muscle. This strategy gave
rise to the séparate§ investigations which, for convenience, can be
sta;ted as-Specific Aims. These are listed below:

1. What-is the pattern of reflex activation of the CIM?
2. What is the pattern of motor innervation of the muscle?

a) Is there a segmental innervation of the CTM by the ’

ventral roots? ’

-

R) Is there a segmental innervation of the CIM by the major
motor nerves of the CIM? !
3. Does the CIM mo_{:oneuron pool have an intrinsic spatial
organization? .

a) Is there a gross organiza}:ion that correspondsiﬁé
t;he "dermatamal" pattern of sensory activation of the muscle?

b) Is there an organization of the motoneuron pocl

corresponding to a division of the muscle by its motor nerves?

58
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c) Is there an organization of the pool that corresponds to

the behaviorally campartmentalized use of the muscle?



SECTION V | B A\

MATERIALS AMD METHODS

1) Animals |

A total of 250 adult female Wistar rats were used in this
study. The animals weighed between 200-275 grams, and were obtained
fram Woodlyn Famms, éeiph, Ontario, The ra.ts were housed in groups
of 2-3 per cage on wood-chip bedding and were provided wi*'ch ‘food and
water ég libitum. Following surgery each ‘ar;imal was housed

individually.
2) Anaesthesia “

All animals were anaestheti dt with sodium pentobarbitol (45
mg/kg) for both 6perations and - perfusions. In experiments- lasting
longer than one ﬁour a femoral cannula was insertean the level of
surgical‘ anaestiésia- maintained by infusion of a° 10% sodium
pentobarbitol solution m 0.9% saline. ‘Surgica\ anaesthesia was
determined by the lack of a reflex resbons:e to a tail pinch. Core
temperature was maintained with a rectal themmistor probeat 37 + 1°c
' by a controlleg circulating water pad placed beneath the animal. In
experiments where the reflected muscle preparation was used {see
below Section V, 3) a heat lamp ‘was also used to maintain body
tenperatu;e.

3) Reflex Activation of the Cutaneous Trunci Muscle (CMM)

When the animal had reached the level of ,surgical‘

60
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anaesthesia, the hairy skin covering one half of the back and flanks
was shaved in order to expose the skin su;:face covering one side of
the CIM. The location of the CM is shown in Figure 1. Experiments
were usually pl»rfonned on the left side, although essentially similar
results were obtained when the right side of the animal was
investigated. The. length of the animal v;as measured fram the
occipital protuberance to the base of the tail, and felt-tipped pen
marks were.,made at céntimeter (cm) intervals along the dorsal midline
(see. Figures 2 and 3). These marks provided ré%erence points for the
analysis of experimentally—evoked' responses.

i) Behavioral Assessment. Reflex activation of the CIM in 10 rats was

produced by stimulating back or flank skin with lidﬁt pinches using
rét-toothed forceps, with focal heat application using a
thermistor-controlled metal-tipped probe _at 55°C, or by application
of énal'l: pieces b‘f'ice. The area of skin puckering in response to the
stimulus was noted visually and recorded photographically (see Figure
. 2), or delineated with felt-tipped pen marks directly on the skirm.

.1i) Electrophysiological -Assessment. To investigate the

electramyographic (EMG) characteristics of a Sensory nerve-evoked
reflex response in the CIM, ; "reflected muscle preparation" was
developed. In order to map the left 51de of the animal, a
longitudinal m1d11ne incision was made through the skin of the back
with a razor blade, approximately one centimeter to the right of the

dorsal midline, extending fram the nape of the neck to the base of
. M

"



Figure 1 The cutaneous trunci muscle (CIM). \/)

1A The distribution of the CmM. ‘

1B A transverse section of the skin showing the location of
the CIM in a 14 day old rat. Note that many hair follicles are
visible in the demmis. Deep to the CIM is loose comnective and
blgod vesels.
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the tail. When the free edge of the skin flap was retracted laterally
fran the midline, the dorsal cutaneous nerves (DCNs) were revealed

(see Figure 3a); these nerve bundles emerge fram the body wall on‘ the

surface of the latissimus dorsi muscle for 2-3 cm before they enter
the skin to supply the afferent innervation of the back (see Figure
3B) . The lateral and ventral cutaneous nerves (LCNs and VCNs) follow
a similar pattern to enter the skin and provide the sensory
innervation to the lateral and ventral skin respectively. Several
millimeters. of one or more of these cutaneous nerves were dissected
out, ligated-and ‘cut some millimeters from the skin. Two transverse
incisions were then made through the 'tl;;clq:ess of the skin on the
left sidey the anterior one extending fram the longitudinal incision
laterally behind the blade of the séapula to. the elbow, and the
posterior one extending fram the most caudal extent of the
longitudinal incision laterally down the most caudal portion of the
flaﬁk. The remaining cutaneous nerves, and | the connective tissue
holding the skii) (an@ CIM) to the body wall, were severed ‘and the
skin reflected outwards fram the body wall, exposing the surface of

the CIM and its motor innervation arising fram the brachial plexus

(see Figure 4). This procedure results in the reflected muscle

préparation. The segmental cutaneous nerves could then be
electrically\ stimulated on bipolar platinum electrodes and the
location of the resultant BMG activity in the CIM mapped with bipolar

platinum electrodes (see Figure.5). The electrodes were placed on the
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Figure 2 Localized response of the CIM to a skin pinch.
2A shows only 1 an lines drawn on the shaved back skin of
a rat.

2B shows an anteriorly-placed forceps pinch.

2C shows a posteriorly-placed forceps pinch. .

- ' The horizontal line indicates the approximate location of
the dorsal midline. Note that the focus of contraction {where the
lines are closest together) in 2B and 2C lies 1-2 an rostral to the
forceps tips and that it is bilaterally distributed.

!



ar

U.\-
ot .
b

4L

BT

CLLLLL

W

T

i

v

a"-_“
IR
-3 N
¥ OB
.
X 4
.
X
. i -

AT




=

4
v

" 3A The location of several ICNs indicated by arrowt;e.ads.
3B Typical lecations of several low-threshold
mechanosensory DCN fields (only alternate ones were mapped) .
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surface of tI muscle,so that their tips were in a plane aL/right
angles, to the longtitudinal axis of the muscle fibres (see Figure
SA); the diétance between the electrode tips was approximately 2 mm,
while the distance between each of the electrodes was 1 cmn. The IMG,
signals were then fed into a Grass P—ls'anplifier and displayed on a
Textronix D13 oscil.los;cope screen and either photoggé\phed or rec;arded
on'a Sangamo 3500 tape recorder for Yater analysis.

4) The Mascle

i) Miscle Fibre Typing. Under surgical anaesthesia four animals were
shaved and the CIM reflected outwards as described above. Selected
areas of the muscle were cut out with a razor blade, rapidly frozen
in isopentane cooled to -180°C ;rith liquid nitrogen and then cut on a
g:rytp’stat into 10—1.4 jm transverse serial sections. The left medial

gast‘roc_nanius and soleus of the rats were also removed and prepared

e same manner. The methgd of Padykula and Herman' (1955) for the

anplysisg of muscle fibre in rat muscle was used to evaluate the
myosm-ATPase characteristics of the CIM E medial gastrocnemius
(see Figure 1l). 1In thl? procedure an alkah pre-mcubatmn causes

e
fast-twitch glycolytlc fibres to stain 4 kly wh:.le slow-twitch

/xidative fibres appear very pale% AP

ii) Motor Endplate Distribution. A preliminary examitation was $nade

N

pftithe the pattern of motor endplate distribution in the CIM. h
reflected muscle. preparation” was used in 4 ammals, the exposed

surface of the muscle was dissecte} free of” most,. bf the overlymg
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comnective tissue and then cut with a razor blade into 5x5 am piéces
which were then pinned out in 'a dish. Rows of endplates were
visualized following the whole-mount cholinesterase method of
Ginsborg and MacKay (1960)}. In this procedure acetylthiocholine,
present in the incubation medium, is hydrolyzed by the muscle ATPase
enzyme in the presdhce of copper sulphate. ‘This results in the
formation of a pper~thiocholine complex, and following an
incubation with ammonium sulfide, a black precipitate is visualized
at the motor endpla;ces (see Figure 6).
In a second series of experiments the Toop method (1976) was

used for demonstrating motor” endplates in 60 jpm cross-sections of

skeletal muscle of’ three rats. In this procedure motor endplates are ~

visualized followmg a 511ver—ch011nesterase teaction (see Figure 8

In snc rats a cerv1ca1 laminectamy was performed and the

——
(-/-ventral roots of segments C6 to Tl were exposed. The selected root

‘_,J ‘

8
(one per animal) was cut centrally and the distal ends drawn into a

/br1_polar, 'gctmn electrode.., Rigelberg and Edstran (1968, 1970) have

phown 3 actlons of rat fast-twitch glycolytic muscle, induced

by . repetiti‘se stimulgtion - of its motor nerée, produce striking

§ - l
changes in the glycogen content of these actlye muscle fibres. Their

LY

procedure w& followed "in these seri
4

of 'experiments. Square wave
electrical stimuli'were'applied at 40 Hz (1.0 V amplitude, 0.1 ms

duration) to the selected ventral roo for 30 secs on, 30 secs off

. / 'J:.. r\_f -

- 5) Pattern of Ventral Root Innervation \\)

-8
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for 10-15 minutes. lThe muscle was quickly cut with a razdr blade

into pieces (see Figure 12 for a diagram of the areas of muscle

- analyzed) , rapidly frozen in isopentane cooled with liguid nitrogen,‘

and then processed for conventional Periodic Acid Schiff (PAS) \
histochemistry (Pe;se, 1968). Muscle fibres depleted of glycogen did

not stain up in this pr;)cedure, but those that were unstimulated

retained their glycogen content and stained darkly (see Figure 13).

6) Pattern of Motor Nerve Innervation of the CIM

i) EMG Analysis of the Major Motor Nerve Fields. The motorynerves of

the CM exit the brachial plexus in three to seven characteristic
bundles which are easily accessible for 5-6 mm before they penetrate
the epimysium of the CM (see-Figure 4). In order to map the
individual motor nerve fiellds, a reflected muscle preparation was set
" up in 23 animals. Each the major motor nerve bundles (and in many
cases several of their subsequent ram1f1cat1ons) were individually
n bipolar pla(:mun electrodes with square wave stunuh of

0.2 to 1.0 V ampli (o TS d’uratlon (which was 2-3 times the

threshold value, i.e. 2-3 times that just adequate to cause a

7
detectabié"}ésponse in the muscle), at 0.5 Hz. The evoked MG
L 1Y
activity was\then (na{:;pd with !"ham]held blpolar platinum electrodes
L 14 4

(the dls,@ce between electrode tips  -was 2 mm), and the border-

4
between active and inactive muscle flbres was marked dlrectly on the
muscle surface with a fine( felt-tipped pen. Subsequently, a thin -

clear acetate sheet was géntly placed on_ the surface of the CMM and .




Figure 4 The reflected muscle preparation.
4A Dorsal view of the preparation.
48 Diagrammatic representation of the preparation.

/
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Figure 5 Local sjign in the CIM reflex.

"5A shows the experimental set-up used to map evoked
electramyographic (EMG) activity in the reflected muscle
preparation. . r;e

S8 shows the latency of the MG reflex respo to
electrical stimulation of the DCNs indicated; the approximate
extents of the respective dermatomes are drawn just above the

abcissa. The broken lines indicate the borders between active

muscle and the adjacent region in which no EMG activity was
detected. The shortest latency MG for each DCN is located 0.5 to
2.0 on rostral to the centre of the corresponding DCN field.
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the dotted outline of the field was traced onto the acetate sheet.
This map was then transferred to paper and area measuraments were
made with the use of a visual digitizer, the Bit Pad One
" (Summagraphics, Laboratory Camputer Systéns Inc., Cambridge, Hass.) .
In three animals finely graded electtical stimuli were
applied tta a selected motor nerve and the area of EMG activity in the
miscle was mapped as described above. By using a very émall
electrical stimulus it v.;us hoped that only one or a few motor axons
would be- activated and thus the resulting area of IMG activity would
indicate the size of a motor unit (see Results, Sectiqn Vi D,4).

ii) EMG Analysis of Motor Nerve Twigs.

The CIM is a very thin sheet of muscle (avetaging about 10
muscle Ltibres in thicknes‘s; see Results, Sectlon VI A,1), and
consequently many ‘of the major nerve bundles and their subsequent
ramifications can be visualized throughout the length of the muscle.
The question arose as to whether these ramifications would divide up

-

the muscle field of their parent motor nerve into scme‘recognizabl_e
. pattefn. Fo_r these ex&riments (done on ten animals), a reflected
muscle preparation was set up and 2-4 mm of small motor nerve bundles
{("nerve twigs") were carefully dissected free fram most of the
surrounding connective ‘tissue and muscle fibres. The location of the

nerve tmg‘ﬁs\measured in terms ofthe distance fram the occipita.a.l
| protuberance % value) and the distance frcm the dorsal m1d11ne (y

value). The x,y values of each of the nerve tmg *per:.ments are
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shown in Figure 34. The dissected length of uncut nerve was raised °
onto bipolar élatimm electrodes and electrically stimulated (0.4 to
0.6 V amplitude, 0.1 ms duration, 0.5 Hz and tﬁe area of active
muscle was, mapped as described in Section V, 6i. An example of such
a map is shown in Figure 34. In two cases the identity of the parent
motor nerve was established by electri\cally stimulating the twig/and

noting which of the major motor nerves conveyed the recorded

antidramic action potential (see Figure 35).

iii) Glycogen Depletion Studies. In a#hother \@ﬁes of experiments,

done on 10 'animals,' a motor nerve field was mapped as described
above, and then the selected nerve was stimulated _electrically SO as
to cause tetanic contraction of the muscle figld (0.2 - 1.0 Vv
amplitude; 0.1 ms duration; ;10 Hz; 30 sec on,_~30 sec off); the
1oca£ion of the border between: active and inactive muscle fibres was
marked directly on the muscle surface with a felt-tipped pen.
Subsequently the tissue was processed for PAS histochemistry as
detailed in Section V, 5. After ﬁﬁe tissue was cut on %\cgy-ostat, '
-a diamond knife was used to make a scratch on the slide \directly
ébove the location of the still-visible pen mark. In this manner it -
was ' possible to correlate the his_tochemica_lly-ﬂ and

elect:rophysiolzgically-detennined ‘field borders.,

7) Location of the CIM Motoneuron Pool
N T

%, this series of experiments' (done on twenty animals) a

small area (2x5 am) of hairy skin exterﬂing laterally from the dorsal '
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midline to the elbow was shaved. A small incision was made laterally
behind the blade of the. scapula to expose the CIM motor nerves as
they exit the brach:?tal plexus. When carefully made, this incision did.
ot damage the muscle fibres of the CIM nor its nerve supply. The
forelimb—was extended, rotated anteriorly and taped down in"this
posi ion to facilitate viewing and dissection of the motor“ nerves.
‘Several millimeters of the CIM motor nerves were dissected free of
the overlying connective tissue anterior to the site- where they
penetrate tle muscle fascia. A small molded paraffin wax boat
contaAiJning 25-50% horseradish peroxidase (HRP) solution (HRP Type VI,
. Sigma Chemical Oo., St. Louis, Missouri) in 0.9% saline was placed
beneath the nerves jhich were then cut. The central endg ‘were placed
in the HRP solution and a petroleum jAell'y s;eal was placed .around the
rim of the boat to prevent leakage of the HRP solution. After 15-20
minutes the boat was removedqb_and ‘the area gently -swa d/with a
saline-moistened Q-tip to remove any excess HRP adhering to the cut
nerves. The incision was sutured and the animal left to recover fram
the anaesthetic. Eighteen to thirty-six hours later the gat: was
deeply anaesthetized and perfused transcardially with Q50 .lml of
heparinized phosphate-buffered saline followed by 500 ml of ¥ixatjve
-{2.5% gluteraldehyde - and 1% paraformaldehyde). The cervical and
thoracic spinal cord (C5 to T2) was dissected out and the ventral
root entry iones marked with razor cuts and/or India ink. A

modification of the Mesulam (1978) HRP technique, 'which uses

)

N



. 8)- CTM Motor Nerves

79

tetramethyl benzidine as the chramcgen, was used to examine the

location and size of the CMM motoneuron pool. Either transverse,

. sagittal or horizontal 40 um sections of the spinal cord were taken

and reacted fg_;:“!-RP‘ histochemistry. Sections were mounted on gelatin
chrame—-alum coated slides and cpunter-sta'tined with 1% neltral red or
0.25% thion_in before being co')er—slipped ard” analyzed for 'the
presence of HRP-containing profiles. In cases where HéP leakage was
apparent or suspected, 6r where .spinal cord sections were 5‘danéged or
lost during the histological procedures, those animalé were not

included for analysis in this study.

In two animals the en}ire leff CTM motor nerves were excised
and pinned in a dish. The nefves were then fixed with 2%

gluteraldehyde in phosphate buffer, washed and post—fixed in 1% 0504.

_Following a second wash in "ate ?ff/er the nerves were block
stained with 5% agqueous nyl "aceYate and then embedded in Spurr

rt?in. Semi-thin seétion

ultrimicrotame and stained with—toluidine\bl

were cut on a Cambridge-Huxley

. The sections were
. ) 1

viewed .with a Zeiss photomicroscope, photogr ¢ ,and myelinated
axon counts were made for each nerve bl_mdle.-

9) HRP Injections Into the Muscle’

- ' :
i) Maltipl® Injections.

’

. In 16 animals a strip of dorsal skin was shaved, the digtance

fran the occipital protuberance né@ in ceéntimeter intervals along

) -
\
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the dorsal midline skin, and a longtitudinal incision made through

80

the thickness of the back skin. At the selected location (e.g. 13 cm
from the occipital protuberance) the connéctive tissue holding the
skin to the body wall was blunt-dissected away 50 as to expose th
sur%ce of the CM. Care was taken not to damage the segmental
cutaneous nerves or the muscle surface. A total of 4-50 ul (usually
10 pl) of 25-50% HRP solution was injected directly into ‘the CTM
aleng a siﬁgle transverse axis 'in 5 separaté injecﬁions. The
incision was sutured and the animal left to recover from the
,anaesizhetic. Twenty-four to forty-eight beurs la;ér the rat was
-deeply anaestheti'ied and perfused transcardially; the spinal cord was
removed and reacted for HRP "histochemistry as described above - in
Sectiion V, 7.I 3 .

ii) Single HRP Injections. In 32 rats the same surgmal procedure was

follzwed as descrlbed above for’ mltJ.ple HRP mjectmns. Ho@r in
these experiments only one 2 al injection of HRP solution was mde
directly into the Tuscle. The exact x,y values of each si_te (see
Section V, 6ii for an explanation of the x,y values) were noted and
are presented in diagrammatic form in Figure 30. After mjectmn of'
the FmP/solutl‘?rr, the incision was sutured and the animal left to
recover from . the anaesthetic. After an appropriate su;:vival time
_(i.e. 24-48 hours), the spinal cord was processed for HRP
h1stochemstry as c}etaned in Section v, 7.

~_ '
10) Location of Motoneuron Somata Corresponding to:
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1) Individuai Motor Nerves. The motor nerves to the CIM exit the

brachial plexus in several charactexiftic bundles (refer to Section
- .

¥, 6i and to Figure 16) whi,ch are easily accessible for experimental

- manipulation. In forty-six animals the locatlon, within the CMM motor
(./‘

pool 1tself, of the cell bodies whosge axons constltute one of the
—

major CIM motor nerves was analyzed Lémg the retrograde transport of

HRP by ¢ut axons. The selected motor nerve was gently dissected clear

T "-‘\
of connective tissue, cut distally and the central en& dipped 1nto a

solution of 25-50% HRP solut1on for 15-20 minutes. T‘he same procedure .

for HRP histochemistry was followed as described in Sectmn V, 7 and

ther location of HRP-labelled profiles was examined in either
transverse or horizontal 40 um sections of the spinal cord.

1i) Nerve’ Twigs. Following the mapping of a motor nerve twig (see

" Section V, 6i for the ‘protocol), the twig was cut distally and the
central end placed in 25-50% HRP solution. After an appropriate

survival time the spinal cord was reacted for HRP histochemistry.

11) HRP Diffusion Studiesjand Motoneuron Labelling

In four animals a reflected muscle preparation was set up and -

the borders of the selected motor nerve field were detemmined by EMG
recordings. All the other motor nerves were then 1igated centrally
(i.e. near to their origiy fram the brachial plexus) with s’ilk suture
thread, cut close to the knot, and several mm of each of these nerves
were excised immediately distal to. the knot. This procedhre ensured

that -/retrograde traneport of HRP to [the spinal cord could occur only

-3



ve

p-%

‘ . : 82
‘\m, ) . i | \" .

Fal

>

in the selected (intact) motor m‘erve. A single 2 ul injection of 50% °
HRP solution was then Wreétly into-th;a muscle at a distance of
either 1.0 am (m=2), 1.5 qm (m=l), or 2.0 an (n=1) fram the
. ele(:trophysic;logically deteﬁmined border of the. motor nerve field.
Folhlowing' an’apprlopriate survival time the spimal c\ord wés, analyzed

-

for HRP-labelled cells. - J t
. - “~



SECTION VI

RESULTS
g
A) THE CUTANEOUS TRUNCI MUSCLE ({(CIM)

1) Gross Anatamy )

The CIM of the ra-t is a thin sheet of skeletal muscle that
underlies back and flank skin. It takes its origin bilaterally on the
lateral aspect of the humerus (fram the ridge of the greater
tubercule) and inserts beneath the dermis of the skin posterior to
the axilla all the way along the back and flanks to the base of the
tail {see Figure 2). The ventral distribution of the muscle was not‘
studied in detail; however histochemical observations (see Methods
Section V, 5) and behavioral testing (e.g.,pinches to the belly area
in an attempt to elicit any obvious reflex contractions of the CM)
indicate that the CIM muscle fibres from the left and right sides of
the animal db not extend all the way to the ventral midline, i.e.
there appears to be several millimeters of belly.skin devoid of CM
muscle fibres. These observations agree with those of Langworthy
(1925) who made an anatamical study of this muscle in several rodents
and carnivorés.

The CMM is quite thin, consisting of 10-15 muscle fibres in
cross-section (see Figure 11); however as the muscle fans out
ventrally this thickness is reduced to 1-3 muscle fibres. The muscle
%bres themselves run rostrocaudally as seen in Figure 6. When one of

the CTM motor nerves is electrically stimulated at just-threshold
83
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intensity and the portion of responding muscle is mapped, the
smallest areas of EMG activity measure 1-1.5 om in maximum
rostrocaudal 1length (these preliminary motor unit studies are
described more fully in Results Section VI, D, 1). These results
suggest that the CIM muscle fibres in the adult rat are likely to be
less thaﬁ 2 cm in length. By using the dissecting microscope to focus
up and down through the whole-mount preparation (described in Section
Vi, A* 3), and based on the histochemical observations .described
below, the muscle- fibres did not appear as reqular rows in which all
the fibres are parallel and of the same length, but rather there ard—q
staggered segments of rows; the fibres of adjacent such segments
interdigitate with each other in the longitudinal axis without any
obvious precision of origin and insertion. A proposed pattern of
pinnation for the CIM is drawn in Figure 7, which includes for
camparison, a diagram representing the pattern 'of pinnation of the
soleus and semitendinosus based upon descriptions in the literature .
(e.g. Gans ané Bock, 1965). In cross-section, it appears that the CIM
muscle fibres attain a diameter of 25 um or greater (no correction

for shrinkage has been made; see Figure 11).

-~

3) Motor Endplate Zones . y

A whole mount preparation stained for acetylcholinesterase
(AChE) was used to examine the pattern of motor endplate distribution

in the CIM of four animals. Staggered rows of endplates were found

oriented at right angles to the long axis of the muscle fibres (see
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Figure 6 Whole mount of the CTM showing rows of
acetylcholinesterase (AChE)-stained motor endplates (a few are

indicated by arrowheads).

Figure 7 Proposed pattern of pinnation of the region of the CTM
asterisked in Figure 6. Campare with the known patterns of
pinnation of the soleus (7B) and the semitendinosus (7C). Refer to
text, Section VI, A 3 for further explanation.
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Figure 8. A 60 um transverse section of the CM showing Toop
silver~stained motor endplates (arrowheads).

Figwe 9 A 60 um transverse section of the CMM showing a muscle
spindle (Toop silver stain), indicated by arrowhead.

\
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Figure 5). This pattern was observed in all four cases and there was
no obvious differance from one location in the muscle ko anotiar. The
distance between rows of endplates was usually about 5mm, but this
varied fram 4 to B8 mm. If, as suggested above, the individual muscle
fibres are about 1.5-2.0 cu in length, these figures raise the
possibil((—ty' of multiple innervation of single muscle fibres.
However, when examjned closely with the dissecting microssope, 0 two
rows of endplates appeared in reglister with one another (see Figures
6 and 7).’ This observation suggests that consecutive rows of
endplates were not located on the same muscle fibres. If indeed each
endplate is centrally located on 3 single muscle fibre, the average
length of the fibre would be somewhat greater than a centimeter (6
+ 6 mm). These observations are in agreement with %hea
/_,__olec'trophysiological estimates of motor unit size described in detail
in Results, Section VI, 4, indicating that the CIM muscle fibres are
likely to be 1.5~2.0 ‘an in length in an adult rat of about 250 am.

3) Preliminary Studies of Muscle Fibre Type

Histological studies in the éarly 1900's showed that most
marmal ian muscles are made up of at least two kinds of muscle fibres
(see review by Close, 1972), while more recent physiological and
histochemical work has revealed three principal types of skeletal
muscle Tibras (fast, slow, and intermediate) that differ in dynamic
properties, the activities of glycolytic and oxidative 2Nzynes,

myoglobin content and certain properties of -nyosin‘ (Close, 1972;



Figure 10 Dorsal root ganglion (DRG) cells labeled by retrograde
transport of horseradish peroxidase (HRP) in the CM nerves_ (10A)

ard in the pectoralis minor nerves (10B); same are indicated by
arrowheads.
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myoglobin content and certain properties of myosin (Close, 1972;
Buchthal and Schmalbruch, 1980). Skeletal muscles containing a
histochemically uniform population of slow fibres are classified as
slow-twitch muscles, e.g., the cat soleus (Burke and Tsairis, 1973),
while those muscles containing a Mixture of all three fibre types, .
with a preponderance of fast and/or intermediate fibre types have
been classified as fast-twitch muscles e.g. the rat medial
gastrocnamius (E@gerton and Simpson, 1969). An unequivocal
identification of most fibres can be achieved by staining serial
sections for myosin ATPase, phosphorylase, and oxida-tive enzymes
(Stein and Padykula, 1962; Yellin and Guth,1970). Such a study of the
CM, however, was beyond the scope of this thesis. Therefore only a
rudimentary analysis was made of the CIM fibre type'by comparing two
. histochemical characteristics of the CMM with those of a fast-twitch
muscle (the rat medial gastrocnemius) and a predominantly slow-twitch
muscle (the rat soleus). In one series of experiments 10-14 Jam
sections “of the CIM and medial gastrocnemius were taken from four
rats and stained in parallel for myosin ATPase according to the
method of Stein and Padykula (1955). When sections from each of these
muscles were compared, the CIM closely resembled the gaétrocnanius in
that both light and dark staining muscle fibres were present in the
sections (see Figure 11).

A second series of experiments, involving glycogen depletion

st:udies_ (refer to Methods Section V, 5) indicates that the CTM muscle



Figure 11 Myosin ATPase stain of Ao rat muscles,

A CMM

B medial gastrocnemius .

In the first colamn (i), an alkali-stable reaction shows
up slow-twitch fibres (marked with asterisks). The next column
(ii) shows the results from an acid-stable reaction. In this
procedure pale-staining fibres indicate an intermediate fibre type.
As can be seen, both muscles contain a small mumber of intermediate
fibre types. The fast-twitch fibres (which stain darkly in both the
acid- and alkali-stable reactions) are found to make up the
majority of fibres in the gastrocnemius and also in the CTM,
indicating a classification of fast-twitch muscle for both of them.
The present results are in agreement with previous findings.
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fibres use a Qredcminantly glycolytic metaboli@m; these results are
consistent with a classification of predaminantly fast-twitch
glycolytic fibre type for the CIM. Figure 13 shows CMM muscle fibFES
staining positively for glycogen, using conventional ’PAS

histochemistry. .

4) Sunmary Statement of Findings

The CIM is a thin sheet of skeletal muscle underlying back
and flank skin. Its muscle fibres appear to be E.Idite short (between
1.5~ 2 an) and run rostrocaudally, originatiné and inserting in a
non-unifom.l.pattern beneath the demmis of the skin. Staggered rows of
endplates are oriented-at right angles to the loﬁgtitudinal axis ofJ

h ]

the muscle fibres, i.e. staggered short rows of endplates (each row
measuring approximately 2;6'Em injlength) Rl doréo"fentrally while
the muscle fibres run rostrocandally. Measurementg of the distance
between rows of endplates along the rostrocaudal axis, in conjunction
with IMG estitﬁates of motor unit size suggest that the muscle fibres
are singly-innervated. Preliminary studies of fibre typihg in the
CIM are consistent with a classification of fast-twifch, glycolytic
fibre type.

B) REFLEX ACTIVATION OF THE CTM

Although not in itself one of the major objectives of this
investigation, it was important to know the way in which the CIM is
nomally u%d in life, especially reflexly. Conceivably this would

have a character that might make the organiza_tion“ of the CM
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Figure 12 kreas of the CIMM sampled for glycogen depletion studies
(described in Results, Section VI C and D).

3

~*

Figure 13 Periodic Acid Schiff (PAS) stain of unstlmulated (13a)
and tetanically stimulated (13B) CTM. 7

f
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motoneuron pool and its relatienship to the motor innervation of the
muscle understandable. Therefore certain characteristics of the
reflex activation of th® CM wilI\‘@ presented here, but only briefly

(the work is fully describeé\in Nixon, Theriault, Jackson and

Diamond, 1984).

1) Behavioral Analysis

If the ékin of a rat's back is lightly pinched, a localized
contraction of the underlying CIM can be observed in the immediate
vicinity of the pinch (see Figure 2). If the stimulus is moved
anteriorly or posteriorly, the focus of the contraction also moves
anteriorly or posteriorly {(Figure 2). The reflex a::tivation of “the
CmM therefore exhibits "local sign", a temm coined by Sherrington
(1947) to describe the orienting of a reflex movement towards the

site of the sensory stimulation. These observations imply that the

CM is functionally campartmentalized. While the simplest
explanation of the underlying reflex circuitry is that both the
sensory and motor nerves are segmental, this is the case only for the
sensory nerves. We have shown that the reflex contraction of tlhis
muscle is elicited by nociceptive information (mechanical and
thermal) carried in the dorsal cutaneous nerves (DCNs); moreover,
only the A§ and C fibres are effective, and not the large
low-threshold (touch sensitive) A« fibres (Nixon et al., 1984). The
DCNs are segmental, and those which can activate the CTM extend fram

the fourth thoracic segment (T4) to the fourth lumbar segment (L4) of

\
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the spinal cord (see Figure 4 for the location of the ICNs) . If two
or more of these DCNs are cut, an area of sensory denervaticn in the
back skin results, so that when tﬁis area of skin is pinched, no
reflex contraction of the CIM is evoked. These results also
demonstrate that a skin stimulus adequate to activate the muscle does
not do so directly, but reflexly. The motor nerves to the CIM are
unéffected by cutting the DCNs, since they exit the brachial plexus
to innervate the muscle (Hebel and Stromberg, 1976; and see below); -
thus the sensory and motor nerves of this reflex are anatamically
Separate. |

2) Electrophysiological Analysis

For these experiments, the area of skin supplied by a DCN was
first detérmined; this was done by reéording fran the nerve while
brushing the skin VE].;Y lightly with a fine (1-2 bristles) handheld
brush. The area of skin fram which impulses were evoked in the ICN is
designated as the low-threshold mechanosensory field of that nerve,
and in separate exper;ments it has been shown that this field is only
slightly smaller than the high-threshold (nociceptive) field of the
same nerve (see Nixon, .Doucette, Jackson and Diamond, 1984), and
Figure 3B for a typical example of threg ICN fields). The borders of
each field were marked directly onto the shaved skin surface with a
felt-tipped pen and the distance in centimeters fram the occipital

protuberance to the centre of the low-threshold field noted. When a

DCN was electrically stimulated and the pattern of EMG activity in
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the muscle analyzed, the shortest latency EMG activity was found to '
be located 1-2 am rostrai to the centre of thé low-threshold field of
that DCN. These results provide a quantitative measure of the lo;:al
sign in the CIM reflex (see Rigure 5).

3) Muscle Spindles

Fram the results described above-, it appears thaEr the CIM has
evolved especially to respond to nociceptive stimulation of the
overlying ski.n. In.addition, the anatomical location of tl:is skeletal
muscle suggests that it contributes very little to the maintainence
;of posture and balance. It was of interest, therefore, to determine
if there was a signifigant population of muscle spindles within the
CM. Evidence for the presence of muscle spindles was looked for by
recording an afferent discharge evoked in the motor nerves during a
stretch applied to the muscle. The CIM of three animals was examined
in this fashion and at no time could an afferent discharge be
recorded fram the CTM motor nerves, or fine filaments of these,
during a stretch applied to -Several different locations in the
muscle. The apparent absence or paucity of muscle spindles in the CTM
was also examined histochemically. A thorough examination of Toop
silver-stained cross-sections of various areas of the CIM in three
animals revealed only one example of a spindle. 1In five cases where
the CMM motdi: nerves were soaked in HRP solution for motoneuron
studies (see Methods Section v,7) thé dorsal root ganglia | (DRGs) were

also examined for labeled cells. It was usual to find no labelled
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cells in the DRGs; however on two occasions one large and -a few small
DRG cells were found containing HRP reaction product. Figure 1l0a
shows an example of these labelled DRG cells. The absence of HRP
labeling in CIM ganglia was not due to problems with the HRP

technique, for when the pectoralis minor nerves were cut and soaked

in HRP solution (n=5) several large DRG cells containing HRP could
reqularly be found (see Figure 1l0B). Therefore, from the combined
electrophysiological and histochemical results described in this

section it appears that the CMM has very few, ‘pi

4) Summary Statement of Findings

We have previously shown that a punctate nociceptive stimulus
to the skin ‘elicits a localized reflex contraction of the underlying
CTM (Nixon et al., 1984). From electrophysioclogical and
histochemical investigations spindles do not appear to be pr.esent in
numbers larg.e ‘enough to provide a major Ia (spindle) reflex drive to
the CMM. The cutaneous input that does effectively drive the C'IM
reflex enters the spinal cord segmentally in the dorsal cutaneous
nerves extending from T4 to L4. This vast sheet of muscle is
therefore functionally compartmentalized in terms of its reflex
activation. While the sensory information that evokes this reflex is
segmentally organized, and the pattern of contraction in the musclg
is also segmental, the motor nerves to the CIM originate fram the
brachial plexus (see Eelow). Fram these physiological and anatomic;al

observations a mumber of questions emerge, of which the major one
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addressed here is: how is this reflex organized? In particular, could
there be an anatamical correlate to the observed behavioral use of
the muscle -which extends to the underlying reflex circuitry?

6) IS THERE A PATTERN OF VENTRAL ROOT INNERVATION?

The location of the ventral roots of origin for the CIM moter
nerves was described as C8 and Tl by Hebel and Stramberg (1976).
However, using retrogradé transport of HRP by the CTM motor nerves
(see below, Results, Section VI, E) I was able to localize the CM
motoneuron pool fram caudal C6 to rostral Tl, inclusive. The ventral
roots of origin for the CIM motor nerves are therefore most likely to
be C6 C7, C8 and TL. Since, as shown above, the muscle .is
functionally compartmentalized in terms of its reflex behaviour, the
question was asked: do the vental roots partition up the C™ in a
manner corresponding to the segmental (or "dennatqmal") pattern of
the sensory activation of the muscle? This question is presented
diagrmatiéaliy in Fiqure 14. |

In six animals only one of the four veﬁtral roots (C6, C7, C8 or
Tl) was electrically stimulated so as to cause tetanic contraction of
that area of the muscle in;iervated by the selected ventral root.
Pieces of muscle were then processed for PAS histochemistry (see
Figure 12 for the sampling protocol) and the distribution of
glycogen—depleted fibres analyzed. The results are detailed in
Appendix I and are shown in a camposite diagramlin Figure 1.5. There

were two major technical difficulties involved in these experiments.
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Figure 14 Hypothetical pattern of ventral root partitioning of the
CM (indicated above), viewed relative to the sensory fields of the

DCNs in the overlying skin (indicated below). The orientation of
the CIM is that shown in Figure 4B.

"

. Figure 15 Observed pattern of the ventral root fields \in the CTM.
Note that in contrast to the other ventral roots, which supplied
fibres all over the muscle, the C6 field shown was found in one of
two animals, the other animal having the same C6 root distribution
in the muscle as for the other ventral roots. See text {Section VI,
C) for further explanation. The Tl field is shown by stippling, the
C8 and C7 fields by diagnol lines, and the C6 field by horizontal

lines (the closer together the lines, the more dense the
innervation by C6).
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The intervertebral arteries in the cerviecal spinal cord run quite
dorsally in the transverse spinous processes of the vertebrae and
thus camplicate the surgery necessary to expose the ventral roots of
Cé to Tl. In addition, continued minor bleeding and exudation of
cerebrospinal fluid following exposure of the spinal cord for
electrical stimulation of the ventral roots may have facilitated
stimulus spread fraom the suction electrode. However, the preliminaryiu’
findings suggest that the ventral roots do not obviously divide up
‘the muscle into discrete territories, but rather it appears that each
ventral r.oot supplies muscle fibres all over the CIM. In one anijmal
the C6 wventral root appearded to innervate more densely a muscle
territory confined to a longitudinal -strip of ventral musculature as
well as innervating muscle fibres located all over the CTM (sée
Figure 15). For the reasons emme'rated above, however, (especially
the 'possibility of stimulus spread fram the suction electrode) the
experiments reported in this.section of the thesis are’'not very
satisfying; technical improvements and a larger number of animals are

required before a more definitive statement can be made concerning a

Figure 14 is unlikely.

D) IS 'méas A PATTERN CF MOTOR NERVE INNERVATION?

nerve plexus, it was posible to examine whether the major motor
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nerves had definable territories in the muscle, as has been
previously demonstrated for the cat lateral gastrocnemius and
plantaris (English and Letbetter, 1982). The CIM motor nerves were
dissected out in a large number of rats (250}; they were found to
exit the brachial plexus and course along the anterior surface of the
muscle in several discrete bundles before penetrating t;,he epimysium
to innervate the CTM. | Usually seven major bundles of motor. nerves
could be identified which fasciculated into a relatively constant
recognizable pattern (see Figure 16 for a diagrammatic
repre.v:ent:ation) . These motor nerves therefore are easily accessible
for 5-6 mm before they penetrate” the CIM, and consequently
experimental manipulation of individual nerve.bindles was found to be
possible without extensive damage to the nerves, the underlying CIM,
or to the surrounding axillary musculature.

1) EMG Analysis of Motor Merve Fields

[

A reflected muscle preparation (see Figure 4} was used to
examine the pattern of motor nerve innervation of the CTM. .In 28
animals one or more of the major motor nerves was electrically
' stimulated and the' resulting area of EMG activity mapped. Each motor-

nerve was found to ‘drive a longitudinal (rostro-caudal) band of

muscle. This observation was constant for all animals and all motor
nerves examined. Three main groups of motor nerves have been
designated as dorsal, lateral, and ventral motor nerves according to

the area of the CM they were found to innervate. The general -

ST



Figure 16 Location of the three major muscle fields: of the three
major motor nerves, obtained fram BMG and histochemical studies.

1
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Figure 17 Individual motor nefve fields.

174 Typical example of the left and right third dorsal
motor nerve (d;) fields in one animal.

178 Typical example of the left second lateral motor
nerve (l,) field. ‘
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locations of the muscle fields for each of the three major motor .
nerve groups are diagrammed inl Figure 16 . . (\/\,_
In all cases examined the borders of the muscle fields were ,
found to be relatively smooth, with no jagged or irreqgular edges (see
Figure 17). Two of the seven major motor nerves were selected for a
detailed examination of the representative characteristics of their
muscle fields. The full findings are provided in Appendix II and
III, summarized in 'I‘abies I, II and diagrammed in Figure 17. The
muslcle field of th'c.a third dorsal motor nerve (d3) was examined in
greater detaJ:.l than that .of the second lateral motor nerve (1 27,
however, as will be sleen below, the results are essgntially similar.
The area and the location of the muscle field were remarkably
constant from animal to animal and fram side to side. This is shown
in Table I and Figure j.?. The _area of the left d3 muscle field was
measured to be 11.7 + 0.5 c::n2 (SEM, n=14), and the right area
totalled 11.1 + 0.4 an’ (SEM, n=14). The width of each field
(dorso-ventral distance) atM the occipital protuberance was
1.26 + 0.5 an (SEM, n=i4) on th;;' left, and 1.30 + 0.6 cm (SEM, n=14)
on the right side of the animal. The locations of the d3 muscle
f‘ields were predictable with respect to each other: at 6 cm from the
occipital protuberance the éorsal borders of the left and right
fields were separated by a distance of 3.2 + 0.2 cm (SEM, n=7), while
at 12 an they‘ were separated by a distance 1.1 + 0.1 an (SEM, n=7). S

Results from a less detaiied examination of the left ,lz\muscle field



TABIE I DORSAL MOUTOR NERVE (d3) FIELD AREAS

Animal # 14ft d; Area (an’) Right 4, Area (an’)
265 11.3 9.3
266 9.3 9.8
M2 11.7 11.0
282 10.7 11.3
283 13.3 8.7
289 9.4 10.7
294 10.2 11.6
MHL 14.2 12.0
288 12.2 - 10.8
MHE 15.0 10.5
M4 12.2° 15.1
MEHS . 1 10.3 10.6
MHG 10.8 11.3
MHT 13.5 13.4
(n=14)

Left d; area = 11.7 + 0.5 am’ (SEM)

Right d, area = 11.1 + 0.4 cn® (SEM)



TABLE II LATERAL R NERVE (1,) FIELD AREAS
Animal # Left 1, Area (an’)
196 19.8
487 17.6
488 15.8
499 24.8
500 22.6
501 24.3
504 16.3
(n=7)
Left 1, avea = 20.2 + 1.4 an® (SEM)

2
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~“TABLE IIT OVERLAP BETWEEN ADJACENT MOTOR NERVE FIELDS
i

-
_—

Animal # First Field Overlapped By % Area Overlap
196 d, d3 583
d3 //'d2 59
%4 ol >3
1]. d3 42
195 _ © 43
4, dl 56
484 d2 d3 50
d3 c'i2 49
504 ll l2 42
1, L 54
(r=10)

Average ovérlap = 50.6 + 2.1% (SEM)
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in seven animals revealed an essentially simila.r pattern to that of
the d; muscle field. As shown in Table II, the 1, field measured
20.2 + 6.4 c:n2 (SEM, n=7) in total area, and-extended for 2.5 + 0.3
an (SEM, n=7)in width at 6 an fram the occipital protuberance.

In {;parate series of experiments the amount of overlap
between the muscle fields of adjacent motor nerves was e;canined. As
shown in Table III there was a considerable degree of such overlap as
assessed electrophysiologically ( 50.6 + 2.1% (SEM) overlap of the
total area of each individual field; range 42-59%, n=10). However
results fram EMG maps of the most dorsal of the dorsal motor nerve
(dl) suggest that this muscle field (ig,3/5 cases examined) was not
entirely shared with the other (ipsilateral) dorsal motoE' nerves. In
this respect dl appears to have a muscle field that is territorially

exclusive. The histochemical results below confirm this

interpretation. .

2. Histochemical Analysis of Motor Nerve Fields

In six animals one of. the major motor nerves was electrically
stimulated as described above (Methods Section V, 5) so as to cause
tetanic contraction of its muscle field, and then pieces of muscle
were processed for PAS histochemistry (see Figure 12). The results
fram these- experiments are shou;n in Table IV and a representative
photograph of a glycogen-depleted field (a cross-section of the CT™)
is presented in Figure 13B. In all of the cases examined e_txc;:'pt for

the d;, muscle field the -histochemical borders were not sharply
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defined so that glycogen—depleted and glycogen-filled scle fibres
coexisted throughout the extent of the field. These é:ults z—u:ig

agreement with the MMG studies described above where the average -
overlap between adjacent muscle fields was approximately 50%. In the
case of the dl muscle field, the dorsal-most border (i.e. at the
midline) was very clearly defined (refer to Figure 18). These
results, in conjunction with the EMG studies described above indicate
that the dl muscle field is unique in having its own muscle

territory.

3) Correlation of Motor Nerve Field Borders By the Two Techniques

In three animals one of the major motor nerves was
electrically stimulated and its muscle field mapped as described
above (Section ‘;f, 6i). The same nerve was then stimulated/so as to
cause tetanic contraction of the area of the CIM it supplied and the
tissue processed for EAS histochemistry (see Section V, 6iii for the
methodolegy and Figure 12 for the protocol). The results fram these
studies were essentially similar for all three animals. An example of
the dorsal motor nerve field shows a very good correlation between
the borders as detemmined electrophysiologically (Figure 18) and‘

histochemically (Figure 188B).

4) Preliminary Studies of Motor Unit Size
= 7 v

As described earlier, the reflex activation of the CIM is
organized: into functional canpartments, amd from visual observations

these .appear to be less than 2 cmz. Theoretically, if this is a
\_4



Figure 18 Correlation of the MG and PAS muscle field borders of

£he d; motor nerve. . _
A shows the MG activity recorded at six locations

(each 2 mm apart) on the surface of the CIM.
B shows PAS stain of the tetanically-stimulated clé

field. Numbered arrowheads show the locations of the MG electrode
for the correspondingly numbered records in A. Pale fibres are
glycogen-depleted.

ro
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fast-twitch, focally-innervated muscle, the smallest motor unit size
shouid not exceed Ehe smallest behaviorally-defined compartment.
Therefore it was of interest to detemmine the approximate size of a
CM motor unit; a few preliminary examinations were made of this
point. In three animals finely graded electrical stimuli were applied
to a selected motor nerve and the area of EMG activity in the muscle
was mapped. By using finely-graded electrical stimuli on the nerve it
was hoped that only one or a few motor axons would be activated and
thus the resulting area of activity in the muscle would give an
indication of the motor unit size. The fesults fran these three
animals are shown in Figures 19, 20, Table V, and are detailed in
Appendix V. With the smallest effective stimulus applied to the
nerve the area of EMG activity measured approximately 1.2 x 0.8 cm.
In two out of three cases the electrical stimulus to the nerve evoked
two or more separate foci of MG activity, suggesting that more than
one motor axon was being activated. When the stimuiﬁs intensity was
incremented the size of the MG fields also increas‘ed and new foci of
EMG activity could be recorded along the longtitudinal (rostrocaudal)
axis of the motor nerve field. The areas of the evoked MG activity
are plotted along a single ordinate in Figure 20 and an examination
of the distribution of these areas suggests a 'step-wise incrgment in
size. The smallest unit area measures approximately 1 an? whi{e the
remaining areas appear on the plot as multiples of this value, i.e. 3

cmz, 4 cmz, 9 cmz, and so on. One interpretation of these data is

.~



Figure 19 Motor unit sizes detemmined electramyographically in
three animals. Finely graded electrical stimuli were applied to
selected (cCifferent) motor nerves; the resulting areas of FMC
activity are shown. Numbers refer to the order in which each
successive. increment in response appeared.
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TABLE IV MOTOR UNIT AREAS
Animal # Motor Nerve Area of Evoked EMG Activity (c'mz)
Stimilated Following:
Stimilus 1 Stimlus 2 Stimulus 3

63 dorsal 0.5 1.5 7.0
70 lateral 4.4 - 9.1

" ‘dorsal 2.6 -

. dorsal 0.9 3.8

71 lateral 0.4 - ‘-

" n 2_3

71 lateral 1.0 1.4 6.9

[1] 1] l.l

71 dorsal 0.9 - -

" " 2.5 10.4

71 dorsal 0.8

1] " 0.9 6.7 .

N

(n=14)

Note that in these experiments, no'distinction was made between
subdivisians of the major motor nerves.,

122



Figure 20 Areas of IMG activity evoked by progressively increasing
the intensity of stimulation (same data as 19) -plotted along a
single ordinate. W
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/

that the smallest. area of MG éctivity evocked by an electrical
stimulus to the motor nerve represemg—,the area of one motor unit,
and that with increments in stimulus intensity more motor axons are
activated thus increasing the area of EMG activity in a step-wise
manner, corresponding to the total number of motor units activated in

LY

the motor nerve field.

5) Summary Statement of Findings

It would flot be unreasonable to e{pect a territorial pattern
of ventral root innervation in the CIM as there are ather examples 'in
the - literature (Markee and Lowenbach, 1945-;—\Swett, Eldred and
Buchwald, 1970). The physiological studies of Swett et al. have
shown a- proximo-distal pattern of innervation in the cat’ medial
gastrocnemius according to the rostro-caudal location ' #8f the
contributing ventral roots. Another study reported by Brown and
Booth (1983) suggests there may be a pattern of ventral root

innervation in the rat gluteus maximus muscle. However, as exRlained

earlier, the present results do not suggest that the CMM is divided
up into clearly definable regions each sup-plied by a single ventral
root. The study of the major motor nerve fields was dfiore rewa-rding;
these fields run rostrocaudal]&(, exter;ding for the entire l@gth of
the muscle, i.e. at right ‘éngles to the main axis of the sgsory
dermatames of the DCNs. Nevertheless, the resul.ts described in\T this
section demonstrate that although there ismé f’unc-tional divisio‘h of
.tl‘ne\CIM' according fo the peripheral motor nerve territories in the

-
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muscle, this pattern of motor- innervation doe;3 not parallel the
behavioral use of the muscle. We have shown that the CIM is organized
into functional compartments of 2 c::m2 or less on the basis of its
reflex activation (see aboye, Section V, B, and Nixon et al., 1984).
Preliminary studies of .motor unit siZe and muscle fibre length
indicate that the rostrocaudal extent of a motor unit correlates well
with the rostrocaudal extent of a behavioral cappértment. However, in
the' éqrso—ventral axis, the smallest motor unit is congiderably wider
than the behavioral compartment. This suggests that more than one
motor unit constitutes a behaviorally-defined -reﬁex caﬁpartment.

Fron a consideration of these results, the question then
arisess—could the CIM motoneuron pool itself be anatamically
organized in?a pattern appropriate either to the sensory or to the
motor pattern of activation of _the muscle?

E) THE CTM MOTONEURON POOL

'1)\_L.’a:at:ion and- Distribution of the Cells

The retrograde axonal transport of HRP by motoneurons was

initially descri Kristensson and Olsson (1971), and this

technique has in'recen ears become a standard tool for
neurcbiologists study}ng the organization of the nervous system: In
the present .study,- the central ends of .cut C'I}.motfor nérves were
soaked in a solution of 25-50% HRP and the spinal t.;:ord later analyze;d
(as described in Methods, Seétion v, 7 ;Sor the presence of

retrogradely-labeled cells. The results are detailed in Appendix 1Y .

" g
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Figure 21 A 40 jum horizontal section of the spinal cord on the
left side showing a portion of the entire” CIM motoneuron pool
retrogradely labeled with horseradish peroxidase - (HRP). Inset
indicates the plane of sections .
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Figure 22 A 40 um transverse section of the cervical spinal cord
showing a portion of the entire CM “motoneuron pool, on the left
side, retrogradely labeled with HRP. Inset shows plane of section.
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and are presented in Figures 21, 22, 23 and 24. In all eighteen
animals examined, the location and distribution of HRP—fiiIéd cells
.were similar: the cells extended in a column from the caudal end of
C6 to the rostral portion of T1. In approximately one quarter of the
cases (4/18) no labeled cells were found at tﬁe levelﬁof Cé. This
observation may reflect a real distribution of the CIM motoneurons or
it may result fram experimental error in marking the ventral root
entry zones when preparing the spinal cord for histochemistry (the
razor blade cuts used to mark the Ventral root entry zones were not
always perfectly straight and so same error in éetermining the
beginning and end of a spinal cord segment ma} be expected.) All the
labeled cells appeared to be motoneurons, judging by their location
(all in the ventral ho in Lamina IX of Rexed (1964)),and by their
distinctive morpholoéy. Most of the cells were in the size range of
alpha motoneurons (see below for a more detailed description) and the
smaller HRP-labelled cells appeared similar to those described by
Strick et al. (1976) as gamma, or fusimotor, motoneurons. Evidence
that a transneuronal transfer of HRP may occur has been extremely
limited in the literature despite the extensive use of this enzyme
for mapping neuronal ptojections; In a recent report by Hongo et
al,(198l1) transneuroggl passage of HRP in an anterograde direction
. fram afferent fibres to spinal interneurons was observed following
electrical stimulation of the afferents. In the experiments reported

here no evidence for the transneuronal passage of HRP could be found.



Figure 23 Diagrammatic representation of the 1location and
distribution of the entire (left) CM motoneuron pool (not
accurately to scale), :

i

S

v



133

5500 ym




~

134

When viewed under moderately high power (e.g. 40x objective) in the
light microscope a granular reaction product was always present (see
Figure 22), indicating the vesicular uptake and transport of the
enzyme by axotamized motoneurons (see Kristensson and Olsson, 1979).
The labeled CIM motoneurons were found at the most ventrolateral edge
of the ventral horn, and in t'ransve:se section were clustered in a
crescentic group of cells (see Figure 22B). The CMM motoneuron pool
extended lfor approximately 5200 um in the rostrocaudal direction
(refer to Figure 21 for a horizontal section through the  CIM
motoneuron pool). In the dorso-ventral axis (i.e. the depth of t_he
pool) the labeled cells occupied approximately 440 am of the ventrél
gray matter. The location and dimensions of the pool are diagrammed
in Figure 23. The majority of“ the motoneuron population was located
n C8 (64%), while. C7 contained 20%, Tl contained 15%, and C6

contained only 1% of the'population. These results are tabulated in

Figure Table V.

2) Number and Size of Motoneuron Somata

The entire number of retrogradely labeled motoneuron somata
1n the CIM pool ;)f eighteen animals was counted. So that each cell
would be counted only once, the presence of a nucleolus in a labeled
-profile was required before it was counted as a cell. ‘The nucleolus

was readily apparent as a clear central area ‘within‘ all the

HRP-labeled motoneurons except for the smallest cells which were few

in number and were characteristically more densely filled with

N
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Figure 24 Segmental distribution of the CIM motoneuron pool. (No
motoneurons were ever observed in C5 or T2).
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reaction product than the larger motoneurons. This observation is in
-y b )
agreement with that of Strick et al. (1976) who described severai
morphological chara{:teristi_cs of ca_t medial gastrocnemius motoneurons
retrogradely labeled with HRP, Interestingly, they camented that
the most heavil}; stained cells were almost without exception the
gamma, or spindle, motoneurons. In the present experiments, counts
of HRP-stained somata revealed a very large éapulgtion -ef M
motoneurons: 1183 : 33 (Sm)‘;motoneurons per- side. Although most
experiments were performed ‘on the left side (16/18), a ccmparisag of
‘celt counts on the right showed similar numbers (see Appendix III).
In one animal a phdtographic serial reconstr?ction of the

entire motoneuron pool was prepared and the average.samal diameter

was calculated. Each 40 um horizontal section of the spinal cord

_—

_which contained HRP-~labeled motoneuro was photographed in parts

manber

beginning at the caudal end of the sectjbn. Usually each spmal cord
section could be contaiped in 4-5 serial photographs. The photographs
were then cut -and trimmed, and each individual spinal cord section
was thus reconstructed photographlcally. The number of camposite

phot:\OG\\ qucted for this animal was Qleven, corresponding to the

1 cord sections mntam1ng HRP-labeled cells. 'I‘he_
maximum and mmum&n diameters of each of the 1070 motondurons were
méasured and then averaged ive an estimate, of the average somal
diameter for each cell. hq corréction was made for shrinkage. The

results are pr:esented in Flgure 25 and Table VI. As can be seen in



| Figure 25 Distribution of cell size in the entire (left) ~TM
motoneuron pool of one animal. The same data are presented in the
Table VI and in the histogram.



TABLE VI

AVERAGE DIAMETER OF CTM MOTONELURONS IN ANIMAL #1360

Average Samal

Diameter {(um)

1-9
10-19
2029
30-39
40-49
50-59
6069

{(n=1070)

Average scmal diameter = approx. 40 um

%1007

Porce]itage of total celi number

& &

58 8 8 8 3

-
o

$.of Cells % of Total
0 0
23 2
158 15
699 65
178 17
12 1
(4] 0
-

o

10 20 30 40 50 60 70 um

Average somal’ diameter

1
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thié histogram the average samal diameter of the CIM motoneuroks is
quite small, most of the cells (65%) averaging 30-40 um in diamdgter.
These results agree with a report by Bawylac and Meininger (198I who
canpared the cellular wvolumes of 250 CTM motoneurons with 262
pect;:ralis major motoneurons and found the CIM cells to have a
unimodal distribution of “small to medium sized” cells’ (the CM

]

motoneurons measured 12,000 - 24,000 pm3, while the pectoralis
motoneurons measured 24,000 - 36,000 um>) . -

Axon counts of the CIM motor nerves of two animals agreed
with the HRP studies. The left motor nerves were exc.:'ised, fixed and
prepared for electrommicroscopy (see Methods Section V, 8). Semi-thin
sections of thesenerves were photographed and the numbers of
.mye}inated axons were counted. The diameter of a randam sample of 150 '
‘axons was measured; the results are presénted in Table VII and a
represenﬁative photograph is shown in E‘ig.ure 26. The CIM motor nerves
contai.n apprqxi.mately 1142 myelinated axons (total counts‘ fram two
animals wére 1160 and 1124). 'I‘he.se counts agree well with the number
of motoneuron somata determined by HRP studies. Most of the- axons-
appear to be of similar diameter, approximately 12 am (11.9 + 0.2 um
(SEM)) . . '

3) Columnar Organizatioh of Axons and Dendrites

In horizontal sections taken through the ventral white matt;é‘\
in the cervical spinal cord, it was noticed that short rows of

HRP-labeled axons weré present (see Figure 27). These orderly rows of



Figure 26 CIM motor axons. . e

26A Table VII shows the distribution of the diameter of
150 randomly selected myelinated axons in a CIM motor nerve.

268 Photomicrograph of a single CIM motor nerve bundle'

(12, sée Figure 16). Transverse 0,5 um plastic section of 0s0,
staited nerve.
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motor axons were detectable within 40 am of the HRP-—stained
mo'toneuron samata. In transverse section (Figure 28) the axons are
Seen to eamerge fram the ventral gray matter and course directly
.through the white matter to the ventral roots of exit without
undul‘ating‘ or changing direction. The appearance of short rows of
labeled axons seeh in horizontal section i.'s“ therefore not due to a
randan or haphaiéard pathway of exit by the CIM motoneurons, ‘but
rather appears to reflect a very early (with respect to the location
of the parent cell bodiés) ordering of the projectioh pattern of the
C™™ motoneurons. These rows of axons were observed regularly in
experiments (n>30) where the motor nerves were cut and soaked in HRP
solution. A relatively short surviva\l tie (18-24 hours) and a
concentrate_d HRP solution (40-'50%) seemed to favour the staining of
these motor axons. Whefher the rows of axons retain their neig_hbouz;
relations.hips in the peripheral nerves has not yet been investigated.
The findings describe;l above indicate that, in addition to the
~ columnar organization of the CIM motoneuron pool, the axons of these
cell bodies are lalsd organized in a columnar fashion at the level of
the cell bo_dies or at least very shortly afﬁ: they enter the ventral
 white matter. - 4
Another regular observation made.on\srizontal sections of
“the CM motoneuron pool concerned the or‘ientation of the major
dendritic branches of the CIM motoneurons. The larger dendrites were

seen to run in a longtitudinal (rostro-caudal) direction, in effect
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Figure 27 Horizontal section through the ventral white matter
showing rows of HRP-labeled motor axons. . Inset shows plane of
section. Shaded area of white matter in the drawing represents the
region shown in the photograph. '
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Figure 28 Transverse 40 pm section of the cervical spinal cord
showing HRP-labeled motoneuron samata and their axons (a few
bundles are indicated by arrowheads). Note the course of the motor
axons through the ventral white matter; campare with Figure 27,
Inset shows plane of section.
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parallel to the colmmar organizatdpn of the pool itself (see E‘1gure
21). ‘These results agree with a reRort published by Scbelbel and
Scheibel (1970) who described a longtitudinal pattern of dendritic
.organization in the lateral motor umn of rat cervical spinal cord

as sgen in Golgl:—Cox preparations.

Summary Statement of Findings

The CIM motoneuron pool 1is distributed throughout' the
ventrolatéial gray matter between caudal CMrostralTl. The cells.
Yare relatively small (30-40 xm in diameter) and numerous (1183 : 33
(SEM) ). The axons of the CIM motoneurons are organized ip short rows
or columns as they exit the ,ventral white matter; additina]ﬂ.y, the
major dendritic branches of these motoneurons are also arranged in a
columnar pattem, extending largely within the con 1 nes of the CIM

motoneuron pool.

F) HRP INJECTIONS INTO THE MUSCLE: LABELING A ION STUDIES
-

1} Multiple Injections

In order to 1nvestzgate the posszbzllty that the CMM
motoneuron pool\ may have an 1ntr1n51c anatamical organization
corresponding to(l:he behavioral \use _of the muscle, the followim_:;\
series of experiments were conéucted. éorsal midline ihcision was
made and several pl‘/of 25-50 % HRP solution was ?njected along a into

the muscle, i.e. into the area of@the muscle. ‘that would be reflexly

activated @sensory input fram the overlying skin. In the early

./~ experiments where 50 jul of HRP was @n=6) the labeled cells

A ‘ -
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were'-‘ found distributed throughout the length and der®h ‘of the CMM
motoneuron pool (refer to 2Appendix V for the ta}g.u_l\atedr results).
This distribution of cells was found regardless t::f where the HRP
injection was placed, and no disginctive organization of motoneurons
could be associated with the "demmatomal" location of the muscle
field. In an effort to restrict the area of muscle exposed to the HRP
solution,“the remainder of the injeciz:ions were restricted to a total
of 20 ul (n=3) or 10 p.'l or' less (n=7). However, motoneurpons that were
1abeied in these experiments were still -distributed) apparently
randamly throughout the * extent of the .C™M motor{euron pool. '

' HRP<stained cells were fot:nd fran C6 to Tl and were positioned in
both medio-lateral and dorso-ventral locations within the confines of
the CM motoneuron pool. These results then failed to reveal any
spatial orgamzatmn of the CM motoneuron pool that” could be related/
to the "dermatomal® pattern.of reflex activation of the muscle.

2) Single Injections

The objective of these experiments (done on 32 animals) was

to label motoneurons that drive a snall area &:gb le, and ideally a

single behavmrally—defmed reflex canpar Cne smgle 2:p1
injection of 40 % HRP per animal was placed directly into a selected
_area of the muscle (see Figure 30 for a composite diagram of the
injection sites) and after an appropriate survival time the spinal

cord was analyzed for the distribution and location of labeled cells.

The results are -detailed in Appendix VIand are summarized in Figure



Figure 29 Canposite diagram showing the tion of the sites of
multiple HRP injections into the CIM. Li%é symbols refef to the _
placement of the five injections that constituted a single BN

experiment; the numbers in parentheses indicate the number of R
individual experiments done at that location in the CM.

w .f‘ ’\)

Figure 30 Composite d1agram showing the location of the sites of
single HRP injections into the muscle. Each symbol indicates the
_site of a smgle injection of HRP that constituted one experiment;
‘the numbers in parentheses refer to the mumber of individual
experiments done at that location in the CIM.
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30 and Table VII. Injections that-wiere placed within 1-2 am of the
dorsal midline tended to label motoneutons situated medially within
the CIM pool (11/16‘ rats). The labeled cells were not restricted to a
dox:sal‘ or a ventral 1c‘>'cz.:1tion within the pool But were found in both

positions. When the HRP injections were placed more ventrally' in the

muscle (4-5 ar from the dorsal midline), labeled motoneurons were
located. toward the 1ateFra1 edgé-of the CIM pool (16/16 rats) and
tended =to be more dorsally positi\oned (10/16 animals). The results
fram i:hese experiments indicate that dorsal muscle is innervated by
nediélly—loca;:ed motoneurons and that more ventrally-positioned -
muscle  is driven by motoneurons located laterally within the CM

pool.
3) Diffusion Studies

An anatamical organization of‘ the CMM motoneuron pool
corresponding to the pattern Iof its reflex activation (i.e.
dermatamal) was expected to be revealed by the localized injections
of HRP into.the muscle. As described above,'.né cbvious organization
of the motoneuron pool was found. However, if there was
considerable diffusion of the enzyme away fram the. injection site,
any gem\J—im_e c-;ematanal organiz'ation of the motonéurons could have
been obscured. Therefore the experiments in this section were done tq
investigate ttgs possibility. In four rats a single 2 pl injectic.:n of
40% HRP was placed at a distance of either 1.0 am '(n=Zj » 1.5 an (n=1)

or 2.0 an (n=1) outside the border of a motor nerve field determined
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elect‘rophysiologically. Al the n;o't.:or nerves to the CIM were cut and

: P

the central ends ligéted, except for the oee nerve for which the EMG /\—\, '
map was made. The resulE's are shown in Table IX and Appendix VII. In C’!?
only one case HRP—;abeled cells were found. In this animal the
'injection- wasv' made 1.0 om fram the dorsal border ef the 1, muscle

field. These results suggest that a, 2 pl injection of HRP solution

diffu'ses/a"ﬁ}}\frcm the site over a total dorso-ventral distance of

approximately 2 om. IE‘h\e‘ results described in Section VI, F 2 agree

well with this diffugsion estimate. While the experiments in this -
section d.ﬁ:-]icaée the probable extent of dorso-ventral diffusion they

do not provide a good estimate of HRP diffusion in the rostrocaudal

axis, and it is this axis which is the more importaﬁt one fram the

point of view of defining _a “dermatomal" organization of _the
motoneuron pool. |

4) Summary Statement of FindD;s

f The results fram experiments where multiple injections of HRP

were placed ihto the muscle area lying beneath a single dermatame dg

not reveal any spatial organization of the CIM motoneuron pool that RS
could be easily related to the reflex actlvatmn of the muscle by 1ts _/
sensory nerves. In contrast, however, e‘:.'ngle mjectlons into the CcmM

suggest that a colugnar group” of medially-placed motoneurons drives
dorsally-located muscle , while the ventralr musclek- receives its
innervation fram a column of more laterally-placed moteneurohs. This

int is considered in greater detail in the final Discussion.

1



TABIE IX HRP DIFFUSICN STUDIES

o
Animal # Distance fram Border . HRP Labeled
" of Field Cells
528 10a > 12
529 1.0 am 2 @ none
530 1.5 an none
531 2.0 an ol nbne
(n=4) -
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G) INDIVIDUAL MOTOR NERVES: LOCATION (F SCHATA WITHIN THE CTM POOL

In thli series .of experlments, done on 48 animals, the
pOSSlblllty that the CmM motoneuz:on pool is anatamically organized

according to the penpheral motor nerves was 1nvestlgated. In each
g

animal, one of the seven major motor nerve bundles was cut and soaked

in 25—50% HRP solutlon and L the spinal cord processed for HRP
histochemistry as descnbed r) Section Vv, 7. The results are
presented in detail in Appendices VIII, IX and x,fnd are summarized

in Figures 31, 32 and 33.

. 1) Dorsal Motor Nerves

The location of the cell bodies which contribute motor axons
to the dorsal motor nerves'was examined in 22 animals'.‘ The results
are presénted in Appendix VIII ané Figures 730, 32 and 33. when all
three'dorsal motor nerves (d;, d,, d;) were cut and soaked in HRP .
solution (two animals), about 600 motc?geurons were found distributed’
throughout the length of the parent CTM pool, i.e. fram C6 to ‘Tl.
The_se ‘motoneurons were not randamly distributed, but showed up as a
column of cells lOCEJlte.d somewhat dorsally and medially within the CMM
pool (see Figure 32A). In the remainder of the énimals (n=20) the

location of motoneuron somata for each individual motor nerve was

" determined. Wh_ile d; and d, motoneurons did not appear to be

restricted to any particular segmental level of this "dorsal motor.

A ] .
nerve column", in six out of ten cases examined, the 63 motoneurons
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w;are clustered more rcatﬂally within the column, i.e. in C8 and 'I‘l._
The area o;f muscle innérvated by dl3 was confirmed
electrophysiologically before the nerve was soaked in HRP solution‘in
5 animals. The size and location of these d; fields were essenti.ally
' the same as those detemmined in the EMG study’ of the major motor .
nerve fields (Results, Section VI, D; compare Figures 32A and 17A).

‘ The relationship between the region of muscle innervated by
the dorsal motor ner:vés and the location of their cell bodieé within

the CIM pool is diagrammatically presented in Figure 33. In summary,

-
the dorsal motor nerves derive fram a colunn of motoneurons

.

positioned medially within the CTM pool;and exten@i_ng for
approximately the entire dorso-ventral depth ( ‘400. jm) and length
( 5000 pm) of this pool in the ventral gray matter;.,the most ventral.
of the dorsal motor nerves (ds) however, often derives fram the post

caudal segmental levels of thi§ dorsal motor nerve column.

L]

2) Lateral Motor Nerves

In 19 animals the location and distribution of the motoneukon
somata whose axons constitute the lateral ‘Imotor'nerv‘es was lsimilarly
determined. The results are detailed in >Appendix IX and summarized in
Figures 31, 32 and 33. In six an.'imals two of the lateral motor
nerves, ll and 12 were 1abe1:d with I-IRPE the stained ‘motoneurons
numbered about_.400 and formed a colunn of cells 51tuated laterally
and ventrally within the motor pool, extending for the entire length

of the pool ( 5200 pm). In four other animals 11 only was labeled; in
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Figure 31 Photanlcrographs ~of three horizontal 40 Jm sections
through the reg1on of the CIM motoneurcn pool followmg retrograde
transport of HRP in the

31A therdorsal motor nerves

31B the lateral motor nerves

31C the ventral motor nerves.
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Figure 32 Muscle fields of the dorsal motor & (J2A) and the
lateral motor nerve (32B) that were subsequently to provide
the HRP-labeled motoneurons that were shown in Figure 31.
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three of these cases motoneurons were found restricted to a caudal
segmental level (i.e., C8 and T1), although they remained late&y
and ventrally located within the CIM motor pool, When the location of
motoneuron samata contributing to the l2 motor ﬁe;ve was examined
(n=9), HRP-stained cells were found over the entire length of thé Cm™
pool, i.e.,C6 to TIl. 'I'he-‘l2 motoneurons were also very laterally (9
out of 9 cases) and ventrally (7/9) positioned. The ai:ea and
location of the 12 muscle field in 5 of these animals was determined
electrophys:iologif:ally before the nerve was exposed to HRP; as can be
seen in Appendix III the values.obtained agree well with those
detemined earlier for the lateral motor nerve fields (Sectioﬁ Vi, D;
campare Figures 32B and 17B).

To summarize, the lateral motor nerves ori‘ginate'frcm a
colunn of motoneurons (the- "lateral motor nerve column™) which
extends the full length of the CM m;ator pool .andf' is located
laterally and ventrally within the pcbl; the most dorsal of the
lateral motor nérves offen originates from the most caudal segmental
~

level of this lateral motor nerve column.

3) Ventral Motor Nerves

When similar experiments were performed on the ventral (vl

and V,) motor nerves in five animals, another columnar arrangement of

cells was revealed, the "ventral motor nerve column". The results

-

are t;abulai:ed in Appendix X and presented in Figures 31 and 33. This

narrow column contajned about 200 cells and extended for the full

< -

7



length of the pool, i.e. fram C6 to Tl, but while it was loca

on
the lateral edge.of the ventral horn, it appeared to be mor orsally
positioned than the lateral motor nerve column. In two animals vy

alone was labeled with HRP in order to discover whether there' was a
further spatial organization of motoneurons 1x> l:i;e ventral motor
nerve éoltmn, The results fram these e;:pe iments @&id not show any
such organization; motoneurons were labeled thf

oughout the full
length of the pool. / '

In summary, the ventral motor nerves derive fram a laterally

»
and dorsally positioned column of motoneurons, extending the entire

length of the parent CIM motoneuron pool.

4) Summary Statement

The results fram the above experiments show that the CM
motoneuron  pool is divided up spatially on the basis of the
peripheral motor nerves and thus hai an intrinsic organization that
can be related to the disposition of their muscle Eields'. Within the
parerit motoneuron pool are narrower columns of cells whose
mediolla{:eral position in the pool corfelates with the dorso-ventral
location of their musdle fields. Dorsal motor nervés_ originate fram a
medial colunn of motoneurons, while lateral and ventral motor nerves
derive fram progressively more laterally lqcated columns. The
distinction between the lateral and ventral motor nerve columns is
not entirely clear-étjt however, and the resolution of the techniqde

has - not excluded the possibility that thése two major motor nerves



e

Flgm:e a3 chnp051te diagram relating the spatial locations of the
major motor nerve fields and the torresponding spinal cord
positions of the motoneurons supplying those fields.
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originate fram essentially the same column.
g - Y -

H) LOCATION WITHIN 'ﬂm\pom (F THE MOTONEURONS SUPPLYING SMALL

MG COMPARTMENTS . )

1) Motor Nerve Twigs

L]

. The CMM is reflexly activated in "cofpartments" (see Results,
Section VI, B); this means that a localized sensory inpdt selects out .

only a certain sub-population of o motoneurons, ifically those

motoneurons that activate muscle fibres in the i iate vicinity of
the site of sensory,stimulatioﬁ. The motor nerve fields of the CIM
run longitittﬂ}mlly; ‘therefore each motor nerve field must contain
many of these small “ref]tex caupartménts“. These observations lead to
the quesﬁ?cm\: could there be a further level of spatial organization
~within the CM pool, in that each motor nerve "sub—column" is
f:_:actionated‘intd anall populations 6f motq eurons,yeag:h serving a
reflex cmppérmmt spai:ially organized within the CM motoneuron -
pc;ol? One way to | ;westigate t}ﬁ:’s possibilfity is to try to isloate
”ﬂ¥ the nerve isolate - anch supplying a reflex compartment and then to
label it with HRP in order to identify the motoneurons;‘. gince the (':IM x

. is so thin in cross-sectiefi;”it was possib_ie to dissect: out quite’
.MIJmtor nerve bundles or "twigé"_ and map their fields; howeuecr_,
it seemed ¢ ikely that these would be smal ough “to supply , e
). -Airﬂi_\-ridu_al réflex canmpartments. Nevertheless the experiment seemed
) mrtgwhile aa\a:\first attempt. One itunediate. problem was to locate

nerv_e&t:w:.?j& in the yeni_:ral and caudal portions of tf.b C;- in,thes;e‘

Y o , o - ‘ e

. \ i P . _ . !
'O : e 1 ) . - - !

V ‘ ' 'fl' ) - ll (-‘\ . :

) %-\//“f"/-d" "’-..f.-\ /"X R . N



1 -\%"

167

areas, the muscle thins out considerably and the fine nerve bundles

are difficult to resolv;a/a'g{ainst the connective tissue background of

. A the associated demmis. As a result, in nine out of té\—«mima{s the
twigs that were dissected out wefe located between 6 and 10 an fram

the o‘ccipital protuberance (Figure 34 shows a diagram of the

o _ locations of all the twig.-ﬁex.fined) . In each experhn?nt the twig was
first electrically stimulated and the active MG area mapped as

described in Section V, 10 ii. Folllowing this._ procedure the twig was

then cut at its most dista-i point and the central end dipped into HRP

solution. The spinal cord was processed for HRP hisbbchemistry after

an appropriate survival time (see Section V, 7 for protocol)}. The

results are given in de_tail ‘in Appendix XI and are presented in

7 ' summary in Figures 35. A5 can be éeen from Figure 35, the ‘area of
" muscle innervated by a twig géneraily depended uponr the rostro-caudal _.

. | locétion of the twig in the r;lusé:lez the -moré rostral the twig,.the
great\e;:/_the Rﬁh, and the area, of its muscle field. There was
however, a tendency for a rostral twlg to label more motoneurons than
:a caudal twig \L;pare animals #410 and 491). In 7 out of 8 animals
the motp;:etEan\backfilled from the twigs were‘fomd throughout the
entire iength ‘of the CIM pocil From- these experiments then/)it is'

v

not possible‘to determine whéther “the rostro-caudal loca‘ on Pf the
7 ' ) ‘

twig muscle field is spatially representsd_in the C'm pool. However
these results agree with those descnbed for’ the HRP studies of the

“_“'{m:]or motor ng;:\ves (Results, Section VI, G) in that dorsally-located




Figure 34A Table VIII shows the areas of the muscle fields
supplied by the identified motor nerve twigs that were
. subsequently used to provide the HRP-labeled motoneurons
photographed in Figure 35. '

34B Camposite diagram of the locations of the motor nerve
twigs.

e
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TABLE VIII MDTOR NERVE TWIGS: MUSCLE FIELD AREAS

Animal # X,y Location Area of Hi.nle Identity of
) of Twig (cm) ‘ Field (cm™) .| Motor Nerve
409 6;1.5 - 8.0 -
410 6:2.0 9.9 -
409 ' 7:4.5 9.1 -
410 - 8:3 8.7 - N
490 93,0 —\\ 9.1 d,
404 '/1031.0 N 7.1 -
405 1‘0:1.0 \, 4.7 -
403 510:2.0 L 5.7 -
504 10:4.0 4.7 -
491 1 1:1.5 5.3 cl2

(rm=10)

trom dorsal midiine
L
[ ]
Y

o 8 9 cm
o . 'Distance fr&n occipital protuberance
B . -
o HRP iabeling and EMG map done
. —~ 2 EMG map only - - ‘
/\/ n\’b
: o :
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Figure 354 IMG defined muscle field of one motor nerve twig.

338 Antidromic action potential evoked in the d, porer
nerve following electrical stimulation of the twig used in 551\.

35C Photamicrograph of a 40 um horizontal section showing
sane of the motoneurcns labeled following retrograde transport of
HRP in the motor nerve twig shown in 35A. Five labeled motoneurons

© are indica}% by arrowheads.
\ '
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. ®
twigs supplied dorsal muscle, and had cell bodies located medially in

the CIM pool, while ventral twigs had muscle fields situated in the

ventral portion of thé CIM and labeled motoneurons along the lateral
edge of .the CIM motoneuron pool. ~

2) Summary Statement of Findings .

The objective of these experiments was to label motoneurons .

that drive a small area of muscle, ideally a single "reflex
compartment and to detemine, if possible, whether or not they
:)ccv.xrred as a discrate group,.appropriately localted within the CmM
pool. While it was possible to label motoneurons driving small BMG
campartments, it turned out not to be possible to discover any
further spatial organization of these cells within the parent motor
pocl. This however might well be a question of resolution; if the
finest nerve twigs could have. been dissected out for examination,

their muscle fields would 1ikely' approximate the size of a réflex

compartment and by virtue of ‘the small number of axons in the twiy,.

the location of “their somata in the CMM pool might well reveal a
finer'spatial organizat.ion 'éhan prew'{iously observed. The results of
the present experiments by no means disallowed this possibility. Thus
the CM "motoneuron pool may have an intrinsic organ.iz‘ation wherein
motoneurons -have a spatial distribution that corresponds to the
behaviorally caupartmen.talized use 'of the muscle. More refined

experiments are required to resolve this question.

~

£a



SECTICN VII CISCUSSICN

1. " STATEMENT CF MAPOXCR FINDINGS

v The results of _this thesis provide evidenrce that the
intrinsic organization cf a motonecron pool re]ate's directly tc the
spatial ccoréinates of its ‘target tissuve, the muscle. Histochemical
and electrophysiolog_ical investigatiors of the muscle territecries of
the major r!‘.‘g.tcr nerves have shown that the CTM is divided up into

distinct majer longtitudinal muscle fields, ané thot each of the

]

majcr meter nerves cderives from a lengtitudinal sub-column  of
T

motoneurcns within the CTM motor nucleus. How coulé such  an

arrangement beceme established? While the results of this thesis do
LK : "

not provide direct "evidence about the development cf 'z
structure~function relationship, cother reperts in the litersture mey

provicde same clues. 2

The columnar arrangement of motoneuron scmeata occurs very
. S .
early in, development, most likely‘without any afferent or descerding

input .(Bekoff, ]9.76). ftucdies of cerebellar _..Purkinje cells (Pakic,

1972) indicate that, at least in these neqi:ons, the” initial formation
and elaboraticn of dendrites is determined by intrinsic factors; in

. . l’ - :
other . neurons the final shammrpholcgical specizlizaticns (e.q.

spines) are largely deper.deEt on lecal interactions with afferent

input .(Jacobson, 1978). With regard to thg/daujapmenf of the CTM
bcoil

neurcns

circuitry, it seems quite likely that the su rs of mof

™ N
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ar¢  their cencdrites could be establisheé pricr te the arrivall cf
impulses along afferent pafhways (the CTM pecol is lccated
consideiably restral  to. the segmental crigin of the zfferent
projections and would therefore be rﬁcre mature).

Autoradiographic tracing studies of the cevelcpment cof the
intersegmental system in the chick spinzl ccrd (Nérnés, Fart and
Carry, 19fCa, b) haye shown that the interreurcnal projecticn system
develops relativelly early in embryogenesis .(by day ¢ the
interneuronal projections fram lumbar seéments €Xterd tosthe b\r\acbrfa]'

levels) en¢ further, that the ¢nset of embrycric metility cerrelates

well* with the cdevelopment of the intersegmental systan., - They ‘also

{éynStrate& thzat axons fram an individual spinel segment layer upon

Ehose :)f more rostral (i.e. older) segments, mairtainirg a parallel‘
arrangement with tl;leif nearest neighbours and thus preservirg a
t;:pograpl'_lic order in the tract, effectively delivering an crcerly set
of - inputs to the target area. The implication from these studies is
that t.he- subcclunnar arrargement of groups ef cT™ motcneummay
prov1de a ?najcr neuroanatcmlcal substrate for ectabhsment of at
lehast thg initial afferent {1.e., mterneuronal) circvitry in the CTM
reflex.. How then would .the information' conveyeé by t‘hs> incoming

fibres eventually gain access tc< the appropriate sub-populaticn cf
. = " -

motoneurons in the CMM pool? ~. '

} : : « .

. From the results gf the twig and cirect muscle indections, it

E
r

is mot clear that mctoneurons driving a reflex compartment ray ocCcupy
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cdiscrete regicns of -the "perent" O™ mcrcn';f—urcn peel. Irstrad it
gppears es though. they may bc‘éispcrseé ‘threughcut theivr svbecnlirr.
I1f this is incdee€ the caese, then the besis of their functiensl
relationship must be éeﬁémiqed by factors ot.her thar a primerily

spatial cne. For exampl the selective stabilizaticn of tre

appropriate synaptic ircuitry (see Changeux and Denchin, 1°7F) may

play a'role_,in-‘t‘he evelopmert of local sigr in the CTM reflex. In
other w;ards, perhaps th“f initia.l formation of syna“pses is
nenspecific; later, with the corducticn of impulses threugh the
spi;:al coré that are ;associated‘with the scecessful dislcégirg of an
irritant stimulus fram the skir, fer ei:ample, afferent irpt':t from
particular' levels ‘of thel .f:pinayocrd may ccme tc drive mest
effectively those motoneurcns innervating muscle fibreé located at
the respective levels. Alternatifely, pérhaps scre "pgsitional"l
feature of the peripheral ﬁenn’m.als (i.e., in the skin and muscle)
rriay'peccxne encoded in - the cell-surface mclecules of the sensory ard

motor peurons anc. may thus influence the subseguent patterns of

synaptic connectivity. This point of view implies that "rositional |

information” ‘from the skin ang®r muscle cirects the fo

-central circuitry. Mine}: (Y95€) presented the first experim
evidence‘that misdirected wipirg reflexes occurred in fregs follewing
skin gza’ft rotations; the interpreté,tion cf théée results was that
'in‘forma;icn_ encodec :n the skin influenced the central ccnnexions of

cutaneous afferents. Despite numerous reinvestigatiors of this

D
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chencmenor  (see Frank ard Vesterman, 1°9F2), the iscve etill remaine

controeversial,

2. CUESTICNS ZRISINC FRCM TEE. FEELEX ACTIVATICN CF THE CTM

The major findings reported in this . thesis arq‘se from
cbserva't“i_ons of the pattern of reflex behavior exhibited by the CIM.

We have prev'icf;sly shown that a punctate nociceptive stimulus te the

cverlyir;g back cr flank skin of the rat elicits a2 lecolized

———

contraction of the mderlyiné muscle (Nixc‘n, Theriauvlt, Jackson and
Diamené, ~ 1684), . The senscry nerves thet drive the CTM reflex
originalte fram the'thoracitl': anc llmbar seqmentes of the spinel ce
anc the local sign is segmentally expressed. 'I\‘}‘(erefcre, the i plest

expectation would be that the motor output tc the mugs€le is also

Wtal muscles,
a strip oﬁ/étercostal

ic segment (Kirkwood anc

segmentally organized, as in the case

where sensory and motor axons supplyi

‘muscelature derive fram the same tho

Sears, 1°75) . Interestingly, this is(not the case for the-

CTM motonevron pool. 15 locatec in ‘the cervical spinal cord

the mbtcr nerves exit: from the brachial plexvs. Despitc “he

anatomical separation cf the sensor'y and motor' camponents ‘of this

reflex, the local sign charact;'er cof the reflex Ires:pcnse J4mplies that
)

.7 the nociceptive input fram “any one senscry dermatome has a preferred

13 . . .
- access tc that fraction of the mctoneuron pocl which supplies the

muscle unde-rlyiwat regicn of the skin. Thus,éhere must be a

\ )
h . : -




)

- (f)

177

sort cf "matching™ ‘between groups of primsry SERSOLY Ielrens,
interneurens, aré motcneuvrens whick relates te the bedy lecztier cf

the .senscry endings in the skin anc of the muscle fibres of the CTM.

It has been shown in the visual (Jacobscn, 197F ) anc scretosensory

. .

systems (I:oolseg\ anc¢ Van der [Loos, 1°70) that ‘the afferent

projections fram peripheral senscry receptors to the cortex are

orgenized in ‘a precise sanztotcpic mep. This is also truve for a

"number of efferent (ccrticespiral) projection systems; a similar

4

ofganization, however, has rot.been describe@ for the projecticns of,

incividual pcols to their muscles. Ps stated above, the rajer
objective cof this thesis was to gain a further understending cf this

issue,

, . L
Physiological investigations of this reflex revealed a very

[

strong cutaneous seni?ry drive éf the CTM and lead tc guesticns abeut
the contribution of the more conventional sourceﬁcf.afferent irput tec
skeletal muscles, tbat of éﬁe'spindle. Histcchemical ané
electrophysiological results describsd ir this.study reveal that the
CMM is esséntially devcid of spindles. This negative findirg
supperts the idea that 'the muscle is not used in possural cortrel; by

comparison, these musc){s important in balance ar¢ equilibrivm, such

as the vertebral musculature,” bave been shown to have an extremely

high Yensity of muscle spindles (Richmend Pné Abrahems, 197%b). The

prelimin&y histochemical studies c£ the CTM incicate & precominantly

-fast-twitch muscle fibre classification, a findirg which is also -

- . /

\
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<
canpatible with a lack of ‘s)pir.dles (s fully cescribed in  the

P

Backgrour{d, spindles zre found a]mc? eyc{lus‘lﬂ amcf*.g slew-twitch }’\

fibres). Interestingly, the homolcgous muscle in the chicken, the °

cersocutaneous latissimus dorsi (Pates, 194F; Crim, ég?l), bas also
. :

becen reported to ccntain few, if any spirdles (Bourgeois ard Toctant,

1982). '
Another question concerns the f,unc{icnal role of the CIM in

the animal; since it is epparently not involveé in pesture or

'\_-

balance, what is the muscle used for? The evidence presented in this

’..

thesis and in Ni‘xon et al, (1984) cn the_ reflex activatien ¢f the CTM

LY

by ncciceptive cutaneous “afferents strorngly suggests tlr'zat,__ at least
- ~—~ '-._u_‘_.

" ore function of this muscle is to dislodge irritant stimuli, such as

h )

fleas or insects. The CIM is also present in unguwlates and it is a

.
B

cammen ‘cbservation that when a hersefly bites the back skin of a
horse or cow, the skin is seen to ripple in the immecdiate vicinity of
the insect. [Langworthy (1924, 1925) speculates’ that in amadilles
the CTM functiens to tense up the plat:es,}_in hedgehegs to help roll
the animal into a b/all, and in porcupines tc straighten up the gquills
in response to predators. The CTM in rats is mcst likely also veed
to tense up the loose skin of the abdomen and ;'horax‘of the female
during mating (auther's 'cbservation-'lé). ) ;njthis context, it has kecen
noted that the ventral extent of the CM™M in many species is divicded
“nto several portions, one of which -encanpe sed the prepuce of tr':e

peris in males ané the perineum in females, with Yfibres ‘ingerting

A
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arouncd the anve ané bzse of the tail (see Langworthy, 1¢22 for
\Jéview). 2lthough a similar c‘.istr_ibuticy-gf/the ventral CTM wes rot
described in rocents, it seems reasonable t#¢ consider that this

-
muscle cculd play some role in the mating process. -

3. PATTERN CF MOTCR INNERVATICN CF THF MUSCIE ¢

~
A major porticn of this thesis was’ concerned with a
cescription of therparterns of motor irrervatich--ir the O™, . These.
. N + ‘ . J - - -
'stugies.  incorporated ‘G].EC!'IOPhYSlOng_lCEll'- erd/er  histochemical

2nalyses of the muscle fields of the ventral roots, the major’ moter
‘e : . . :

nerves -and many of their ramifications, as well as small motor rerve
<

+ binéles or ‘twi'gi.j It has become apparent from the results of many

o

experimental 'investi%ation cver the last few years that both the

. A k
ventral roots ard the in uscular nerve branches supplm_

have electrophysiologically and histochen'ica}ly cefinable territories .

\

‘within the q;?le; in otber words, the;}-oto'r innervation of slzeletal i
o - ) . .
muscle is nof randomly ‘dispersed but rathc-&exhibits characteristic,
L ' " )
spatial patterns (see review in the Backyround; Section 11, P).
) . SN .

. . T, N ‘ o . . : . R
i) ventral FPFoots.  Investigations of several different 'hinclimb

. . T :
muscles in a number. Of species .(Sherrington, 19¢€; Merkee ard

Lowenbach, 1945; Sweﬁt et al., Je7M) ir:diéat; that’ there is a"
precictable relationship betweeh the setjme;ntal level of 2 ventrel

. root ané the locaticn of its muscle territc%ry, such that if mcre than',,
:j':one ventral root supplies ap individual muscle, the more crégial raot

- +
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is feun€  te  irrervate preximel rusculature  while czucel  reets
irncrvate progressively mcre cistsl pertiens cof the rmiescle.  ~he
results of the p&esent thesis, hewever, do rot cheg light ¢r rhis
relaticnship; in 2 small mumber of experiments it was reot reesible te
resolve a di;tinct pettern of verntrzl rcot irrervaticrn ir the TV,
"This regative finding mey indicate therg are ro cdefinable ventral
root territories in this muscle, i.e. that each of the four reots,
which are likely to contribute metor irrmervation te the Ccmv, suvpplies
ruscle fibres all over the extent of the muscle. Alternatively,_the
small nurber of experiments (1-? per rcct} and  the  techkrical
difficulties associated with the electrical stimulation of cervical
ventral roots (described mere fully in Pesults, Secticn viT, O mey
have obscured a true psttern of ventral rcot inmervaticn ir the CT™,

It is interesting to ncte that a relaticnship betveen the
rostro-caudal seguence of ventral rcots and the provimo-cistal cre cf
their territories in individual muscles alse exists en another level,
i.e. within the brachial ané lumbor e-n]ergemeg;g,qf the spinal cerd,
the more rostral mcter pools are found te irrervate proximel lirb
musculature, while r;\ore caucally-positioned mector pools (and Pence
their wventral rccts cof crigir) previde the innervation more cistal
limb musculature (see PRomanes, ]S’Fd- for review). It is tempting tc
speculate that this kind cf spatial relaticnship arises, 2t least ir
part, from & metching up of.‘the g\ryporal sequence cf develcpmert in

the s/p,inal corc  (i.e. the rostrocauvdal gradiert of neuregenesis;
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,-\No;;fes ar¢ las, 1972} and & corperzble tsfrpcéal secverce  cf
e
?r.yogénesis within the limb bué (see review by Havschke ard Prtz,
16€2)}.77 ¥hile comperatively little 1is krewn ,zbeut the myoceric
gracient within sirgle muscles, it dces rct seem unreascreble to
suggest thaet the pattern of vertral roet irrervaticn cescribed fer
inéivicual muscles mzy become established thrcugh similar
maturaticnal fecters,

. A .
11) Metor terves.. The concept .that intramuscular rerve krarches

supply discrete muscle sub-velumes has reccived muck erperimertal
. .
support over the last ten years (Lecbetter, 1974; Fralish, Jcfp;

Calvas ané¢ Cenyea,: JCFC; Frglish ané [Eébctte-r,' 1¢p2: Bedire et z21.,
1°€2; Botterman et al., 1¢f2a, b). The results of this thesis
cenfirm end extend the previous findings. Whereas the mejority of
former investigaticns reported c¢r either the histcchemical cor the
elettrophysiological gracteristics cf the sub-civisicen of a muscle
by itts major moter /rerve branches, the present study provides
informaticn about bcth of these perameters of individual muscle
sub-vclumes, and has in addition correlated the borcers of incividual
muscle fields using these two techniques. The results clearly
demonstraté that the CTM motcr nerves cdivice vp the muscle into
characteristic longitudinal (restre-caudzl) tecrriteries. In other
N
skeletal muscles such as the pig masseter (Herring, Crimm ard Crimm,

1079), the cat semitendinosus (Podine et al.,, 19F?), ané the cat

mecdial enc leteral gestrocnemii (Swett, Fldreé and Puchwald, 1070;
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Frglish, 1°F0), discrete muscle sub—vclm(;s cre ofter Sclimivec Il
irterral ecpenevrcses. This hewever, is nct the case fer the M
there appear tc be mc cdefirneble cenrective tissue beurcaries whick
serve to civide up the muscle irte distinct stb-velures. In this
respect it is perticulerly intriguing that the berders ef the mrejcr
mcter rerve flelds are smooth ard regulzr (see Figure 17). These
o
observations give rise to several questicﬁs, cre of which ig: hew
‘dees a metor nerve, field become establisheé? The work cof lancmesser
{197EDb) 'cn the early motcnevren prcjecticn pattergs tc nemmel chick
hirdlimb muscles suggests that even prior tc cleavige of tre prirary

muscle messes inte  individual muscles, there is a very defirite

regicnalization ir the prcjection of spinal nerves, such thet they

appe€ar to have "chosen" the appropriate territeory. Studies by Smith-

and HBellyday (I?S‘,;) extenc these fincdings tc the farly craznizatien
of moter nuclei in the rat thoracic spinal .coré. Cther werk by
Whitelaw and Kollydey (19F2a) on patterns cf moter irrervaticr ir the
chick bhindlimb following deletiors of limb. segments sugaest that
motoreurons (isplay en intrinfic se]ertivity‘;or their termiraticn
sites, ) wWhether similar regicnal selectivity may be exrrapo]ars:cf to
the projecticn of a single mctcneuron peel to & sirale muscle hes ret
yet been demonstrated; hcwever on the besis of firdirgs to be
discussed in the next secticn, it dces not seem ar impossibility.

Cther questions which arise fram the aralysis cof the CT™

muscle sub-vcliumes relate to functier. In additicn te the srocth

b
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becrcers, cuentitotive measuvrements cf the rmedcr CTM rmetcr rerve
fielés revezl & remerkebly ceonstert size ard creracteristic lccoticr
fcr esch fielc, from sidr.tc side anc fram erimel tc arimel. thile
there aré nc  similer =stucies in the literature aveilable fer
\
conperiscn;tet is likely that the C™ is rot unicue ir this respect
and that if these techniaues had been spplied tc other muscles (e.q.
A
the gastrecnemii) similar relsticnships woulé mest likely cbtain,
what then cculd be the functionzl sigrificance of cistirctive ruscle
subvclures? Cn cne level, it has becer mest clearly shown i the pig
masseter that the anatamical (end histochemical) carpartmental iration
éces' reflect 2 functicnal civisien: during rprermel masticatory

.

activity, selective contractions of the eantericr. aré peeterior

-
. [

canpartments 2llow the muscle to perfcrm a murber of different
functicnal activities (Herrirg, Crimm ard érinm, Je7cy . alrhcugh rot
measured, these selective contractions were presumeably
reflexly-meculatec i.e. by afferent spircle discharges, rcsulting

from cifferent chewing load recuirements. The results cf the present

»

thesis on the patterns of meter inrervaticn ir the CTM support this
peint cf view, and further, in cenjuncticn with cur previcus report
(Nixen, Theriault, Jacksorn and Ciamcnd, 1¢P4) provide clear evidence
that localized contracticns zre indeed_rsflex]y—eveked."

| While ezel metor nerve field in the CTM certains mery 'reflex
compartments', thc major axis ;f the fiele fi.e. Jecngitudinzl) is

-

mcre ©r less &t right angles te the ceamertal pettern cf the sercory
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rerve flelcs  thet "Criue" *me muscle. Sirce the 7™ metor reries
crigirete frar the cervicel spirzl cecré, it is rcst lively shoe ohe
Tyogenic centributicn  te  this muscle Eerives fram the  brechial
scmites (Ea;és, 1¢28; Beresferc, 197c), If +*he muscle were ther *o
grcw &way fram 1ts crigin irn a predarirently ceucdal cﬂit‘(—‘cticr,.as
cees the bulk cof pectecral musculature (Sulli&an, 1er2: Crimm, ]?’1{
Beresforc, 1¢7°9), the cdeveloprent of lcngitudiral muscle fiel@s is
not difficult to envisior. In thirkirg ebcut the functicral purpose
of this arrangement, it is significant to‘recall that the bilaterel
expression of lecal sigr in the CT™ reflex is largely confired te the
corsal skin, rather ther tc the flarks of the arime!. In this
context, it is worth ncting that the dorsal muescle fielcs frpear
smeller and more precise than the lasteral or ventral moter rerve
fieléds (compare Figures j?A ané P}. To return tc the matter cf the
'smcothness' cof the berders of the muscle fields, perhaps this
characteristic could arise as a functicn of afferert inpuvt? It is
well known that the elimiration of pelyneureral innervaticn in
skeletal muscles occurs shortly after birth (Pecd fern, 170}, curing
thc sare period when ascending end descerdirg fi.e, corticespiral,
prepricspiral) tracts are becoming established (Cilbert ard Stelemer,
1979; Schreyer ancd Jones, 10R2}., FHowever, it iz not well unferstocd
what rele, if any, ezfferent ipput plays in the elimirnaticr ofuf
pclyneurcnal innervation ené the subsecuent establishment of meter

nerve fields. With respect tc the CIM, perhaps the afferent irput to
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1ts metereurcn peel  certributes to the shaping the muscle fleld
bercers, perticulerly ir tre derse! pertien h‘ﬁC!Gf?‘."f‘ ruscie {iclce

v

. _ -~ . .
eppeer smeller end mere precise, pessibly reflecrirg the  firer

localizaticn recyifec \rn the bilataral expressicn of lecal sign.

111) Moter ™ (nit 'Ibrrit-rles.\/arly investigaticrs cf tre spetiz®

cistributicn of sirgle tcr unit territcries were largely cerfired
to cat trice'ps- surae musclles (e.g. Burke and Tséiris, ;’;"?). r tre
basis c¢f these studies, the concept arcse that :’rdivic‘,ua/l mCter units
wcre widely cistributec threcughout the muscle velure, Mcre rccer;tly,
however this peint cf view has inderacre censicderable revisicr, the
major cbjecticn being that this crrargement may rct be typicgl of
mcet  muscles  (see review irn Packgroung, Secticn 1Y, BY. The
.,
camcnstration of circumscribed metcr umits  ir functicrally or
histochemicelly compertmentelized muscle is currently zr unresolved
anc very tcpical issve in this field. Prelimirary investigsticrs cof
mctor wnit territories in the CTM threw some light cr this issué.
Estimates of moter unit size and lccatien were cbtzined by using
finely greced electrical stimuli to branche&fcf O™ motNr rerves zré
r
simcltaneously recording the area(s) cf FMC activity ir the muscle.
The active IMG areacs measured¢ by this technicue were assimed to
reflect the muscle territory irnervated by-cne or & few mcter axcns.
. »~
The minimum areas were always smzller than the zrees of ¢
reflexly-evcke¢ cempertment, an cbservatien corsistent with  the

3
interpretaticen that a reflex compartment cenrairs ere  or mere
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meter-units, flsc ir veepirg with this hyDethegis cre esvimosee of
C™ ruscle fibre lencth; 2ChF StIiring sugaests shar TV miecie
fibres are cuite sbcrt., the lergth ccrresporcing vell tc messuremerte
t;f the lergitudinal axis c¢f 'metor unit' territeries {eppreyimetely
1.0 tc 2.0 cm). “hese fircings, while fer frem cerclesive, are
consistent with the hypcthésis that relatively few CT™ mecter units
are certained within & 'reflex canpertmert !, (recuivecal evidcn&e
for this hypothesis weoulé be chbtaired by tetericelly sriruleting e
single motoneurcn (cr its axon; i.e. by ar intrac.llvlar
micreelectrode) aré thern arzlyzing the ruscle fcr the lecatien ard
distribution of glycogen-cepleted muscle fibres. Sfuch Ar experimert
woulc alsc provide conclusive evidence sbout tre lergth of sirgle
muscle fibres,

4. CPRQANIZATICN CF THF CTM MOTCNEURCM PRCL -

i) Characteristics of the Fntire CTM Péc]

The major porticn of this thresis was dcveted to on extersive

-

characterization of the mctcneuren peel  supplying  the  metor
inrervaticn tc the CTM. Cn the basis cof retregrace FRE lakelirg, the

CM motor pcol was lccelized to . the ventrclatern] regicn cf the

cervical spiral coré, extsnéinq frem the czudel erd of CF to the

rostral ecge of T1, a cistence of approximately © mm, The poriticrn
cccupied by the CTM pocl in the spinsl ceré is charccteristic of

mctoreurons previding irnervation to the pectoral musculeture in the
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et (Parlec ond Meininger, ICF1); +his cherrveticr ic crrmeistore iss

et

F€ presured €rIIVeric (i.c. somitic) crigir cf *=¢ CT™ (Crirr, 0=,
Beresfere, 1979). The rcstre-caudal extert of tre (o peel (D ot 2
secrents) is tyrical cof mest meter rucled (Pomeres, JCFsY; hcéweve:,
"what 1= mest unusuel abeut the CTM pocl is the lerge r&bcr cf
rctererrons censtituting it:  approximetely 1'F0 cells.  There is
little Coubt this is a correct estimate cf the size of the CT™ mcter
nuclevs. Trersnevronal lebeling by HPP has never been rr'pcrtcc’ to

occur in a retrograce fashion (i.c. fram mctorevrers tc irterrevrers)

cespite the extensive use cf this mclecule cver the post ter vears in

[

the study cof rerveus system cernectivity,  Ferthenrcre, the chert
interval betwcen incubation and perfusicn (19-24 Prey wevld allew
iittle time fer trarsreurcnzl pessage (this time pericé was choser
fcr ccunting scmates beceuse conly &z limited lebeling of Ferdrites
cccurrec). 25 notéé in _the Pesults (fecticr W: F, 1) prefiles were
ccuntec as cells cnly wher a nucleclus was visibles acditicrally cach
cell cemenstrated the typicsl . grenuler rezcticn precect  of
retrcgracely-transporte¢ HFP (injecticn cr trarereuronal pessage of
HRE results ir a Giffuse cellular labeds.see Horge et al. 10£7), The
possibility cf lezkage te cther muscles ray 2lso be eliminated as an
expleraticn for labeling so many cells, fer the ircisicn site was
always careful%y renitored ané at the erd of ea.ch incubetier, the cut
nerve €nd wes gently su;rabbed cf FPP ard was often sealed ip &

peraffin wex cuff. In several ccses where leakage of HPF scluticr
\

-
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WS cCparert trhe arimal was precessed for FRE Rigterhemictry Srd she
leceticn ¢f o)l bedies neted. 't 2ll coses che rnole-srzirire
ECICEIC rmeterecrens cculc be leczlized to the peeterelis meser er
mircr meter peels (Pavlec aré Meinirger, §F1), muscles whick 2re
aretomically afiecent to the CTM.  Cerrcberarive eviderce for she
.rmumber of cells ir the CTM peel vas cbtaired from aver ceunts of ™
mctof rerves; the ccunts were in complete agreemert. The eviderce
thus far discusse€ is ertirely competible with the view that the cT™
pcol is unvrsually lerge (estimctes of the rat pectorslis majer pocl
ecuzl 25C cells (Pavlec erd Meininger, 19F1}, while the cat mecdial
gestrecremius peel contains abeut R0 cells  (Purke and Teeiris,
1972)) . +what trer is the purpose of allettirg such & lerge nurber of
motoreurons tc a reletively smell muscle? Ore way of apprecacting
th:is question is by relating it to motcr urit size. The clessical
uncerstancing is thet fine reflex contrel of & ruscle is effected by
2 smell mctor unit size (Eredel, 1°F1) end therefore, properticrally
more mcteneurons would be 2llotte€ tec a muscle used for 'vernier'
8 |

m?;vernents. The physiological aralysis of reflex behavior ir the CT™M
(this thesis; Nixcn, Theriauvlt, .Jackson and Diemond, 16Ff24) clearly
shows a very localized pattern of reflex centractions, ir cr:njunc-tio.rw
with a small moter unit size. These cbservaticrs are consistent vith
the demenstration that the CTM motor pocl con‘rairws 2 large mmber of

mctenevrens.

Apother observetion made ir this study of the CTM metor
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ruclevs cercerns the overzge corll size., Mersuremerts of the Fverage
scre  ciemeter cf 1070 CTM reoteneurens  reveals ~ unipecds!  eiof
c¢istributicn with a peek at 20-4C um.  s:milar Fisrribufﬁcn was
feund for axcnel cGismeter, such that the averzge CTM mcter zxon is _1-?
ur 1 cigmeter. Bcth these measvrements, irdicetirg that O™
mctorneurens ere  small, zre intefr.ally cersistent, Tt kzs beer
previously shown that the size of sama and avon are directly related
(Barrett and Crill, 1971; cCullheim, 11907F). thy CT™ mcteneurens
should Be at the smell erd cf the scale, hcwever, ic rot imreciately
apparent. Despite the populer cententicrn that sma‘]] mcterevrens
innervate clow-twitch muscle fibres, there is rc stetisticelly j
significart relationship between mcteneurcn size ard meter unit type
(‘Eurke et al., 1922). Ffurther argument against this corcept is
previded by the preliminary electrcphysiclegical ané 'Jhist'ccl"emic*al
characterizations of the CTM as & fast-twitch alycolytic muscle.
2lthough mo studies have directly zécresseé the issue,‘cm: lire cf
current thinking abcut the functicnal significance ©of cell size is
that there may be a metabelic corstrazirt, such trat sm2ll cells cap
support only a limited amount of target tissue (Hennemor arné Merdell,
1€f1). The apparently small motor unit size ir the OTM is censistent
with such a hypethesis.,

During the processirg of horizontal secticns of the spinzl

ccré, it was often noted that CT™M mctecrevrens seemed to displey 2

- distinctive lorgitudinal creoanizaticon of their rajer derdritic

¥
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precesses.  Soreibel and Sebeibel (1970) have grevicusly cfescribec -
Preccmirznt  restre-caudsl  bunclirg of  Cerdritic  precesses  ir
Gelgi-Cox  preporations cof rat  cervical spirsl core. “heir
observatiors have been repeetecly cenfimed (e.g. Scheenen, 1€£7),
althowgh recent in:cracellular HRP lebelira of cat cervical
metenevrens irdicate thet not all cervi;:al metenevren poels ray be
characterized lely on the basis cf lcrgitudiral ¢ dendritic
projecticns (Keifrstead and Pose, 19P2). Tt Fas been propesed that
the spatial ovo.a lap cf the cdendritic projectiécs of metenevreons mrey
provide cre mechanism by which these mctcf.curcrs receive similar
synaptic irputs (Scheibel ard Scheibel, 1¢7r). This turrs cut tc be
a very attractive prepositicn in the case of the‘-C'Tr* where 2 drfinitel
functior;a‘I role can be ascribed tc subcelurns of CTM mctoneurcrns -
perticularly in reference to thé\ bilaterzl expressicn cf lccal sian.
Another interestimg cbservatioen in HPF-labeled spirzl cord
relates to the CTM motor axcns. In horizente] secticns throvwgh the
ventral white matter it was regularly chserved that short rcuws of
HRP-stained axons were present (see Figure 27). VWhile nc other
similar reports exist in the literature with which te compere the-
present firdings, there is a vast number of studies dealirg wirh-fbe_
spetial orcering of axons in the optic perve (e.g. Punt and Herder,
19f2). Wwhat- cdevelopmental mechanisms are respensible for thig
o .

relaticnship is a hotly cdisputed issue (see Horder and Martip (1€

for the ‘morphogenetic versus chemospecificity' prinf .of view);

-
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hewever it is clesr that genglicn c¢ell axcrs ir the cptic rerve of
lecwer vertebrotes retzir 2 "reafest neigi‘b.cur" relevierehic kosed or
their ghint cf crigir in the retirz. Ir tre light c¢f tr¢ presers
findings, &ané thcse of Laneréesser (1°7F2) and Smith ard I-'c(}_:ﬂl—,}riey
(1¢€2) which shew that proiecticn Eettern ef spirgl rerves ard the
locaticn cof the cell becies giving rise to them cispley a’ﬁ’?ﬁ?ie]
selectivity for tsrget sites, it is tempting tc speculete that vithin
a single rotcneuron pecl, motor axers destired for a perticular
target .regicn in the muscle ar.ri;fe a2t their cestinztion using certeip
'mearest reighbour' cues. In order to test this pcesibility ir the
CTM it weuld be necessary tc trace the cshert rcvfs of axons secn in
the ventral white matter threugh the peripheral terves to theix
termination sites in the (TM. Cne way éo ge about this would be to
inject HRP intc a small c‘efinéd area of the CM znd fcllow the '
positicn of the labeled axons Lp the spirzl rerves ard into the white
matter of the cord.

ii) Subdivisicns of the CTM Foel t‘crresponding to Miscle Fiflcs

The most significant finding reportec in this thesis cercerrs
the locatien of motoreuron —sgmata which centribute axens to the
irdividtal motor nlerves. Petregrade transpert cf FPP in the maier
CT™ motor nerves revealeé a sub-columnzr crgznization cof the CTM™
-motcr nucleus, wherein the mest medizl Eub—cclﬁnr: of CTM mcteoreurens
was found tc send motor axons ouvt to the dorszl motor rerves, thus

innervating the corsal strip of musculature. The leteral ard ventrel
~
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mCter rerves were similarly founé tc Cerive frem pFrogressively mere
lzterzal subcclumns of  metorecrons. These results constitute  the
first cemonstraticr in the literature of the spatial lecatien of_
motcneuron subpepulaticns supplying irnervaticr to incdivicral muscle
compartments that have been electrophysiclogically cre
histochemically characterized. Thus the C™ pcol hes an intrinsic
organization related to the peripheral fields of the majcr moter
nerves.

fince each mctor nerve field contains mary 'reflex
campartments', each motoneu'r.on stb-celumn likely contains amaller
grcups of mcteoneurons thet drive suéh campartments.,  The cbvicus
question is ‘are these groups of motcneurons spatially resolvsble?!
There is no 8 priori reascn why mctoneurcns innervating a2 perticuler
reflex compertment in the muscle shoul@ be clisterec tcgether in the
spinal coré. 2 number of alternative‘possibilities exist which coul?
equally well account for (anB very likely co ploy some rcle ip) the
establishment ¢f specific éettergf of motor circuitry,’ as seeﬁ'?ﬁ the
local sién chzracter cf the CY'M reflex; Fer example, meotoneurcns
irnervating the szme reflex cunpértment- "could  be scattered
hanogenously. through out theig perticular mctoneuron sub-cc]unn, ard
the appropriate circuitry could beccme established orn the besis of o
dendritic projeétions. In crder to gair an uneegstenéing cf which of
these two simple hypothe s might be most likely in ?he‘ CTM, several

@ -~
different experimental strategies were ewpleyeé tc attempt te lcbel o

(\,
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‘reflex campertmwent'. "hese are discussed ir the rext secticer.

111) 2re There Sfubarcups cf Motcreircns Creenized Fcocrcing to Feflex

Carpartments?

-

- [}
The results from direct irtremusculer injecticns of FRF zand

fram the HFP-lebeling of tiny intramusculer meter rerve brerehes
~
suggestec that smaller subcolumns of metonevrcns might exist. These
types of experiments always resultec in the labeling ¢f =2 smaller
nurber ¢f motonevrons [;redictab]y ]cc:tec‘. in mecial tc¢ laterzl
positicns in the cord depending on thg irtremeecular site, and
'generally ‘crgenizeé in srort segments of cclumrs.  Fer technical
reasons it vas nct possible to limit the FRF lebelirg tc o 'reflex
campartment’ anc thus tec resolve a distinct spetial org‘aﬁizarior!
among—the mctoneurons corresponding to such a compertment.  The

diffusion studies indicated that even with the smallest KPP injection

used in this study, the area of muscle Iiko]‘y tec be labeled would be

at least 7 to 4 an’, The motor nerve twig studies suffered from a
camporable prcblem: it was et possible to dissect out the firest
motor nerve branches end so the territory‘z irnervated by a h:i'g was
several™ times that estihated for & reflex compartment. Wren the
lecations of the staineé metcreurcns were then éompnrrc‘., for evemrrle
from & rostral versus caudal pcsiticn in the muscle, it was very
difficult tc c‘.etermine_ whethber the' restrc-caudal fer cerso-ventral)

pcsition of & motoneuron depenced on the rostrc-ceudel lecaticn of

its muscle field. These experiments, hcvever, are definitely werth

J
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repeating, fcr example, using @ bighly-corcertrateé sclutier of
v.'('?-ccnj_ut_:la(teé' FPF for tiny irtramusculer  indections. fueer ¢
technicue weculdé help tc minimize ciffusicn since the sites cf OF
injecticns of WCP-HRP have been shown tc .rrmair: very leccalirzed
(Stzires, Kimurz, Fibiger and McGeer, 19F0), Ir this merner it werlé
be pessible to determine whether motoneurens irrervatirg small zreas
of the caudal region of the CMM ciffered ir their spiral cerc
location fram those meoterecurcns irnervatirg smell pertions of the
restral CM. From the electrephysiclogicael and behavicral evidence
presentecd in this thesis apd in l'\;ixcn, Mecriault, Jackser ard Diemerd

(19F2) it is clear thet the CTM mctcneurcn pcel  is functicrelly

ca'npertmentalizcd.l .afferent- irput is able te select cvt small
subpopulations of moteneurons which drive gmall reflex carpertmerts
of the muscle. The histcchen;ical anc electrephysiological aralyses
cf the major metor perves éescribeé in this study revezl a
characteristic pattern of irnervation of the muecle zccording to ¢
distirctive subcolumrar arrangement of the CTM motor pocl. 2t this
level then, the intrins?'c‘ anatamy of the metor nvclevs rﬁflf;prs 2
functional compartmentalizatiorn cf the muscle. On the besis of the
twig ard _injection eviderice presented it is not possible te cerclude
that- a further lével of spztial organizaticn exists in tte CT™ pcel.
However, the reflex behavié)r of the muscle does irdicate that
afferent input is able to select cut 2 =mall scbpepulaticon of the CTM

motcneuren pool. The actual physical besis cf this specificity
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remairs tc be elucidated,
e

v

5. IMELICATICNS FCR THF DEVELOPMENT CF MCTCR CIPCUTTRY

The establishment of petterring in the vertebrate rervelis

- r

system may be ccnsidered as occurring ir three ‘,'grsquentia] steg
which cverlep considerably in time frérn cre reg-icn tc anotter ard
within any cne system (Diamené, )9P2). The first stage irvelves the
laying cdown of the primery cytcarchitecture of the rerveus fystem, in
terms  of temporal and spatiel aracients ir the patterns of
nevrcgenesis (Nornes ané Das, 1974). The secend stage comprises the
post-mitotic differentiation of nevrons and the projection of their
axons to) appropriate . target reQioﬁs (Landresser, 197Pa; Ho]lyé.ay,
19g82), Th latest-appearirg level of development ceoncerns  the

distribution of nerve endings at their target tissves. (see Diamend,

19Ff2; Harris, 1°P1}), " With respect tc the development of the motor

Id
system, it is clear that the columner and somatctopic arrangement of
moteneurcns is 2 fundamental feature of the craznizatior of the
spinal cord (BProdal, 1°f1) which is 1laid cown durirg early

neurogenesis. Studies of the prejectior petterns of ‘pest-ritotic

motonevrons reveal nc evidence of random cutgrowth, but rather

clearly demonstrate arn early, specific and directed ‘outgrewth of
. . LIS

motor axons to their tergets (Speidel, 1077; Hibbare, J1¢fc.

Lancmesser and Morris, 197%; Lancmesser, 107fa: fmith are Follycey,
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1IeF%). trew, while there is generel ocreemwent thet sere biréd e
specificity is invelved in the fermetier cof créerly cermtrzl ond
peripherzl ccnr:e:'(lions, the patvre cf the specificity aré its mece cof
operaticn are widely cisputed. 2 similer situaticn exists for the
uncerstarcing cf the fine mecelling of the nefvcus system, trat vhick
occurs at the level of the target tissce. In the motor system very
little is known ebout how individual moter .unite zre estab]i.shc-“e.
Perhaps the most crﬁcial question fzcing nevrcbiclogists in
this dccade-!_ cencerns  the uncdersterding of mechenisms are that ore
invelved in  the cdevelcpment and maintensnce cf tre precdictable
¢
organization of the pervous system. One indirect a2im of this thesis
_waé to gain a better understarding of this secer? stage cf
development in the rervecus system - in perticvlar, bow ée  the
specific projecticr patterns of moter nuclei became est'?bli;sl"-ec‘? z
large number of irvestigatiors hes been reviewed ir the Packgreourd
which incicate that meny cf the specific petterrs of motor
connectivity in the adult appcar to derive larcely frem thre primery
cytocarchitecture cf the spinzl cord. The craniocavdal
differentiztion cof motcneurens is clearly related te a prorimo-cistel
secquence cf limb irrervation (Pamanes, J1021; Hembuvrger, 104F), ard
furthermecre, the clg_.gsi;al studies’ of Pamznes (19F4) have sheown that
mctcneurons in the acult spinal coré are arrangeé ir a columnar
fashion, related to the functional cheracteristice of the muscles

4
. themselves (i.e. flexor cor extenscr; see reviews by Purke, 1cf1:
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Henremzan end Mercell, 10F1; Sch;irét,‘l?f’]). Pn extensive ]i*rr%tvrr
€xists cr the early érojecticr‘. patterns of crick hirélimk metereurcrs
strengly indiceting that the acult pettern ig presert very early cor
in mbryoger‘.eéivs (see reviews by [anCmesser, J1OF?; Kcllydey, 1€F2).
What of the crganizaticn of single rctoreurer pecls aré-‘:heir

=
projection to incividual muscles? Comperatively little is known

about the early cr the adult pgcljec-tion patterns of sirgle rroto'w:urcr
pools. The work reported 'in this thecis sheds light cn the advlt
pattern cf ccrnectivity between cre mctcreurcn peel ard ite ckeleto]
muscle, &nd may thus previde 2 besis for speculaticn a.brut the
ontoger:y-cf the reflex circuitry. The medial-te-latere) crasnization
of subcclumns in the CIM motoneurcn peol reflects 2 ccrrespording
dorsal-to-ventral axis of motor imnervation in the muscle. Vvhether
this relationship also derives frgn eerly embrycgeresis is lergely a

matter of speculatior, but the possibility dees seem reascrable.

€. CUESTICNE CUTETANDING

In the final analysis, there ere 2 number cof Unsettrled
questicns arising from the present werk. The most important fesve at
thie time corcerns the size ané dJistributier of ircdividusl meter
units in the CTM. Prelirinary clectrophysiclogiczl and aratqricel
evidence has been presented which azrgues fer & amell rgize and
localize¢ ¢éistribution of single motor units, The  =ipplest

explaration cf the loca)l sian character of the reflex resporse seen
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in this muscle cdepencs upon the Armenstroticr of circurscribed,
fest-twiteh {cr &t least fcoolly-irrerveted)  muscle urivs
Conclusive eviderce for thigs hypethesis covld be obtrired by
micrcelectroce per_etration cf a single mcteneuren er its axery; -by
using electrcphysiolcgical technigues tc rap the peripheral lecztiers
cf the muscle unit, arnd t-etanic stimuleticr to r‘.rp'lrete. t!"e-rrvscle-
fibres cf their glyccgen content informeatior sbcut thre Sirmercicns of
a single moctor unit, as well 2= of 2 single muscle fibre, could be
obtained. The distributior of motor units ir the CT™ =lsc bears vpen
the size of a behaviorally-cefined reflex compartmert. »lthcugh the
prelimirary eviderce is Icc'*nsistent with thf: cententicr thet a r?flex
canpartment contains ore or more muscle units, the glyccger Zepleticon
studies ‘f:oulc." provide a clearer urcderstarding of this relaticnship. )

Further work reeds to be dere tec show whether or ret tre
spiral coré positicn of-mroneurons ir..r*.er\"ating restral  versus
caudal portions. of the muscle is cheracteristically cifferert,
Smell  lecalized injécticns of WCA-HRF woulé previde  further
information abcut a possible orgenizeticn of mctoneurcns with
respect tc the lccation of their termirals in the muscle. In these
experiments "it wouvlé be of the utmost imporfénre te cerefully merk
the "ventral root entry cores, es the major populstien cf O™
motcneurons is located within two spinal coré segments,

Arcther aspect cof the present thesis thzt coulé be improvec

upen are the ventral root studies. M better technicue aré 2 larger
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rurher of erimels ray reveal sere oetterr of vertral recr drrerocsier
ir the CTM. CSirce the rmctcr rerve . lebelirg exrerimerts Fluaye
lebelec meterevrens ir 21l segrerts (i.e. fach '.':‘r!gifrr’ir?]~.<'rrip .o.‘
musele is supplied by 211 four vertral rcets}, the corly rerairire
alterrative pYer of crganizaticn‘ would exist glerg the restreo-cavde)
axis. It remajr:s, of course, for the experimentzl resclte te corfirr
or cery this coniecture. .
There. sre a variety' of cdeveloprertal experirerts which
svagest themselves, a few of which are worth merticrirg., Corcerrira
the lengitudinzl dencritic bundles rresert ir the adult, *+re cvesticr
arises as to their furcticral basis, i.8. dees the mest medial burdle
fec;eive irput preferertially from the ICMs (ané can the bilaterality
of the reflei be ‘lecalized to this bmr’l'e)‘.;‘ If so, vhat ig the
develcpmental t‘imétéb]e 'for the establishment of fhis rreferertial .
synaptic input - could '_it be related, fc'rl example, tc the t_-irn‘c pcrio¢
of elimination of polynevroral imnervation ir the muscle? 'I‘I‘i:l= Jatter
question tcuckgs con the 1 sue of hew muecle fields (aré 'iraﬁivir‘l;al
_ moter units) may hecc‘me ectabhcr‘ec‘ Pnctl"er Issue" C‘Cl".é‘E‘l’FF the

-
.

development of lecal ‘sign ir this reflex - whcr is’ H-c e e]onﬂcrra]

cnset? Cah it bc expermenta]lv mecified by surc:ca] r“empu]ahrr
(i.e. gbleticn, rec1rect1cr‘) cf the sources of '*ffrrrnt' 1rput" vet

another area cf revrchiology which may be irvestigated with this’

.

preparaticn relstes to the motor irmervation of the CTM: fer exerple,
A re

what -are the necnatal and adult  potterns of derervatior-irduced
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sprevting?

‘The investigaticns describec ir this thesis previcde evideree

for & remarkable intrirsic spetizl crgerizaticr cf & metereurer pecl
that scems to be directly related tc the functicrel cherecteristics

of the rmuscle it svpplies. vhile further corclusive stucies are

e

requirec, the present evidence is ccnesistent with the Pyrcthesis that

the spatial ccordinates of the muscle are”ip pert meppec cnte the CTM

-

motor rucleus, szt least at one level. These fircings z;iss the

pcssibility  that other meteneuren peels mey chew a2 similer
. _
relaticnship te their skeletz] muscles.
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APPENDIX T VENTRAL ROOT STIMULATION STUDIES

3

Animal # Ventral Root Depleted Muscle Fibres
- Stimmlated Dorsal CIM Lateral CTM Ventral CMM
227 C6 few few many
232 C6 L1} " fw
231 c7 " " [1]
230 C8 [1] L1} n
229 C8 " " "

228 T1 " " "

(n=6)
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] ¢ j
APPENDIX III CHARACTERISTICS (F LATERAL MOTOR NERVE (12) FIEID

—

Animal #  Ieft 1, Area (an) Width of Muscle Field at
6 an from Occiput
196 19.8 1.9 an
487 17.6 ~ 1.8
488 15.8 31
49 24.8 3.3
500 22.6 3.3
501 2433 2.2
504 16.3 2.2
(r=7)

-Area of the left 1, miscle field: 20.2 + 1.4 an’ (SEM)

v
Width of the field at 6 can from the occipital protuberance:
o 2.5 + 0.3 am (SEM)



\RPPENDIX v NUMEER OF CELLS IN THE CIM MOTCNEURCN POOL

Animal # Total # Cells ' Ieft (L),
Right (R)

274 1045 L

279 1046 L

285 1446 L

287 1193 L

360 1070 L

447 1094 L

448 1389 L

449 1183 L
450 1290 L~

451 1234 L -
452 1009 L

466 1221 L

468 >725* L

469 1144 R

474 >B53* L

475 >902* R

495 1112 "L

498 1274 R

* Missing sections of spinal coﬂ .

(n=15) 4
tal # of CIM motoneurcns: 1183 + 33 (SEM)
Length of the CIM pool: caudal C6 to rostral T1 (5200 wm)
Darso-wentral depth of the CIM pool: 440 um
. ' R

Y

E
)
L

Q
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APPENDIX VII

HRP DIFFUSICN STUDIES

210

Animal #

X,y¥y Location of Distance from Border # of Labeled

Injection (cm) of Field Cells
528 4; 2.0 1.0 e from ll 12
529 4: 1.0 1.0 cm fram L.L none
530 4; 0.5 1.5 cm fram d3 none
531 6; 5.0 2.0 cmn from d3 none
-
~ (n=4)
- »
©
) ~
/
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