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s : ABSTRACT . a8
+ This the51s addresses several quegtlons reqsrdlng the
motor comtrol of 1nter¢ostal muscles in anesthet&zed or

decerebrate cats. Specifically, we were 1nterested in how

.

the CNS utilizes the gamma motoneuron system tq éontrolé%he\
hen

sensitivity of muscle spindles during respiration. This

‘ v C . : ‘ ‘
led to an investjgation of t g recruitment patterns, length . -~

changes and muscle: fiber properties of the intercostal
il \j -

muscles. The following experiments_were performed: 1) Motor

unlt recordlngs w1th blpolar electrodes 2) Extracellular

recordings of muscle spindle afferents 3) . Extracellular

recordings. . of gamma motoneurons 4), Sonomicrometric

measurements of muscle length during respiration. ' 5)
Histochemical study of muscle fiber properties.

‘The resnlts'of these studies sug&est the intercostal -

muscles‘of theAcat are compartmentalized into 'respiratory'
and 'non-respiratory' areas. The parasternal muscles and
external intercostals from the rostroventral quadrant of the
ribcage were typically recruited during inspiration
Shortening and lenqthenlng contractlons wbre seen in these
muscles, as. they worked in concert w1th the dlaphragm to
expand 1ntrathorac1c yolume. There was a relatively hlgh
proportion of slowly contrectingﬂ fatigqe‘résistant muscle
fibers in these’ areas. The remaining intercostal~muscles;of
the rib*cage were nSually inagtive dﬁring respiration. They

experienced a complex mixture of passive shortening and

iv : ' -

<

[
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1engthen1ng .due to the forces generated by the surroundlng

muscle and by the elastic rec011 of the thorac1c cage. The

-
muscle fibers in these areas were largely composed of ‘the

- faster COhtracting, lower fatigue"resiStantbtypes.

(3

. fhe recruitment of the two tYpes of gamma motoneurons,
. - A

dynamic and static, in the rhythﬁicallyfactive areas of the
intercostals was similar to what has been reported for the

: ap , .
hindlimb extensors during locomotron ‘Static gamma

motoneurons were actlve throughout the breathlng cycle,
whlle dynamlc‘éamma motoneurons were recru1ted approx1mately
in phase with alpha_motoneurons. Those areas oq_the rib cage
which were not\recruited<during respiratioh,'received a

nsteady leVei of input from static gamma motoneurons.
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CHAPTER ONE
o INTRODUCTION

', The fusiform“shaped structures in mammalian muscle,‘
initiéi{y 'thoughtz“ of as imqsele'.bUds' or ,'foci Taf"”
inflammation, were 'reJealed toﬁpe sensory organs' by the
histological E&pdieﬁ .of Sherrington (1894). .Extensive‘
1nvestigatlons of muscle spindle morphology,, starting with
the detalled drawlngs of Ruffini (1898) have demonstrated

the 1ntr1cate structure of“this receptor (Barker .1966-

'Ovalle & Smith 1972; ‘Boyd, 1980); Meanwhile, parallel' -

A studies of the . areceptor's physiological propertles””
N . = . ) e o -
progressed ~from’ the . first recordings: of; muscle spindle

Y .,
) -\

afferents by'Mattherlil9335; Several of these studles in%a\"

« hY

particular, led to an apdreciation of *the functional
complexxty - of the muscle spindle, including: the .
establishment of gamma motoneurons as a spec1§;’””Tu51motor
-system (Leksell 1945;-Hunt & Kuffler, 1951); ‘the functional
c1a551f1cation of primary (Ia) and secondary (I1) afferents
(Cooper, 1961)' the subd1v151on of static and dynamic gamma
motoneurons (Matthews, 1962) ’and the quantitative analy51s_
'of the response characteristics of muscle spindle afferents
(Matthews & Stein, 1969; Hulliger, Matthews & Noth,. 1977)
In tne last-decade, there has been_a,discerniblepshift ,iﬁ
«’ﬁaéeié spindlev rescarch 'towardsu inmestigations "of “‘tne

funct10nal role for muscle spindles and gamma motoneurons in
B ¥

. \‘\ _‘: ,:,“ |



2

O

¢

‘motor control. It was with this emphasis that much of the

experimentation described in this text. was undertaken.

P . I, - v . e )

Specifically, we were interested in studying the* role
."'. c - . ‘{ ’ . .

of gamna  motoneurons  during rhythmically . generated

movements. Studies of gamma.motoneuron and muscle spindle

‘activity in the cat hindlimb muscles; during locomotion

‘produced conflicting results from those reported for jaw

muscles during chewing (rév}ewed in Chapter. 2). In hopes of
shédding\ éome light.on this problem, we have recorded from
gémmé7 motoneurons and muﬁcle ‘gpindlES> dﬁfing another
rhythmiéal movement, respiration. lngstiohs regarding the

recruitment patterns, length changeé_ and muscle fiber

" properties  of the intercostal muscles were also addressed. -

" 'Before desgribing‘our findings, I willowtline the relevant:

4

4 - . L . P N _ L N L _\, " . .
background information regarding muscle spindles, gsmma
3 ~ : LU

Amopbneurons and respiratory muscles.

N

THE MUSCLE' SPINDLE AND GAMMA MOTONEURONS

i
/

/

SfRUCTURE AND INNERVATION

A simplif;ed illustration of the current view of the

mammalian spindle is shown-in Fig. 1.1. The spindle consists
" of an encapsulated group of fine specialized muscle fibers,

" tapered at each end and expanded at ité center in a fluid
i

filled capsule./ There are three types of intrafusal fibers,
which differ in their morphological, % mechanical and

electrical}prdpe:fies: bag,, bag2 and chain fibers (Barker,
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. Emonet—Denand, ;Laporte, Proske & SEacefZ 1973; Ovalle &
) Smith, 1972). The bag, intrafusal fibers have a well
nucleated cenéral portion while much af the contfactile
,ﬁyoﬁéﬁrils are situéted ¢ e poles. The chain fibers are
S  bdistihguished by a single layer o? nucleatioh at the éenter
” '“lbortion with an almost homoéeneoué distribution  of
‘myofibrils along their length. The bag1 and chain fibers
also differ,‘in th®ir speedngf' contraction. Bag1' fibers
‘contract slowlj‘via the spread of local potentials to their
polar regioné. Chain fibers contract quickly by means of
' 'spreading action po;entials (Bessou & Pageé, 1975). éag1 aﬁd
2 fibers are alike in that they do ' not generaté action
pétehtiais. Otherwisei bag, fibegs show chanac;eriétics

I iﬁfermediéte.betkeen bag1 and é%ain fibéfé. |
'Thet spihdlé is  innervated by'tﬁo .type§5 ong§ahsory_
 uneurons:‘ primary “(Ia), andpsééoﬁdary (1I);aﬁéeéégté.‘§heffa]v
,: ;affe;éhts'linnefvété'thé pent;al pdrtioné'of.all ‘intrafusal

fibers in'tﬁe spindle, while the II afferents innervate the
juxtaequatorial region of chain and 2/3 of all bag2 fibers
(Boyd, Sutherland & Ward, 1985) . ’

The fusimotor, or gamma, nerve fibers can be classified
into two types: dynahic- ana static. ‘Dyﬁémic‘ gamma
motoneurons almost exclusively innervate bég1 ;&bers. Static
gampa motoneurons innervate both bag, and chain fibers.
There has been suégeétion that static -gamma ~motoneurons

should be subdivided into those which influence bag, and

) ° B Y
: 8
. . i

/ B P
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i

.those which aét»upOn chain fibers (Boyd, 1986).

. MUSCLE SPINDLE D!ﬂSTRIBUTI/ON : ‘

The number of muscle apindles within the differeqt
skeletal muscles of the cat is quite variable. Those muscles
which are.involved with the control of precise movements or
postural ;oles typically have the hlghest den51ty of muscle.
spindles. At the other extreme are the muscles whlch are
reported to have very few or no muscle splndles, 1nc1ud1ng:
parasternal,, diaphragm, extraocular muscles, jaw openers,
intra—auficular muscles, laryngeal muscles and the striated
muscles Vof the esophagus (Matthews, 1972): Perhaps the
reflex act1v1ty which is usualLy produced by muscle spindle
activity 'would be functlonally ;napp:oprlate for_this.gfouﬁ
sﬁgimuscles{ FQrf’insﬁaﬁ¢e, Qreflexraétivation'iof phrenis
m§£§neufons‘be'*spindlel afférents could'.GCCur4uwhen the
di;pﬁfagm s passively léngthened either due to tﬁunk
rotation or the ?ressure applied to the muscle by adjacent
organs of the _abdomen. Likewisé, heightened ﬁnsimeto:
activity would also result in increased spindle “affsfent

activity and subsequently to increases in phrenic motoneuron

discharge. Clearly; either of these occurences would lead to

. . . » Q .
~disturbances in the breathing patterns of the animal.

FUNCTIONAL PROPERTIES
A number of stages are involved between the arrival of
the input stimufus, which is the length g¢hange of extrafusal

7



‘muscle fibers, and the subsequent change in the discharge
rate of the.Ia and 11 afferents. JFirstly, length,changes- of

. extrafusal | muscle fibers will, due to’ the parallel
arrangement and mechanical céupling of the spindle and
muscle,  be transferred to the ,?intrafusél fibers.
Subseduently, the localized straimw of the intrafusal fibers
will result in ﬁhe.generation|of a g;opgrtional/gurrenf flux
at the 1Ia and II affgrént membranes. How this trénsition
from- length to current takes place is unknown, but a
possible mechanism could involve a cation-selective channel
yhich_is activated by stretch (Ggharay g Séchs, 1984). It
remains, however, for spch a stretch activated;channel to be
Edentifiéd in a muscle spindle.

Firfally, as a result of -the membrane depolarization,
the encoder generates a corresponding .sefiés of nerve
impulses in the afferent terminals. The encodef probably

ggonsists of a particular patch of membrane whicﬂ'_inteqﬁates-
the génefa&br‘current reaching it, thereby depolarizing the:

cell

to threshold for impulse production (Poppele & Chen,
1972). |

The sponse of Ia and 11 afferents to 'a variety of
~ :

precisély ¢tontrolled length changes, over a.wide‘rénge of
aﬁplitudes and frequencies, has been studied over the qears,
(van Leeuwen, '1949; Harvey & Métthews, 196 1; Br?wn, éngberg-
& Matthe;s, 1867; Lennerstrand, 1968; ﬁatthewS‘& Stein,

< .

1969; Kroller, Grusser & Weiss; 1985). The sinusoidal



stretch has been one form of input wgich Has\ been widely
used widely by ‘those studying muscle spindle pieperties
since its ihitialvapplication in the late 1960's - (Matthews,
1981).,'By applyinglthe sinusoidal stretch over many cycles
the response of the afferents to lehgth and velocity
components of the length change could be averaged. Three

“variables can be measured .using th1s technigue: mean

" discharge level, the amplitude of the discharge rate from

the ~mean l#vel, and the phase advance of" the,vafferent'

response in relation to.the lenggﬁ change (Matthews.& Stein,
1969). These values__and /téeirArelatioa tp' the afferernt
discharge rate are illustrated in Fia. 1.2, H

I't was with tﬁe application of various amblitu@eé; of

sinusoidal stretch and , measuring the average change 1in

-

modulatlon of the' splndle s response that striking non-

llnearltxes of the Ia response became ev1@ent. The change in

Ia afferent dlscbarge rate‘ for a g1ven length .change’

decreases dramatlcally when the amplitude. of stretch exceeds

.0.1% of total ‘muscle_length (Matthews & Stein, 1969).

-~

‘Functionally, this non—linearity allows the Ia afferents to

» Cod . ;
be very sensitive to small dev1at10ns in muscle length

without® the 51gnal belng saturated durlng larger ‘léﬁgth 

-

changes. vThe vII' afferents respond with a  constant,
relatively low, sensitivity (modulation amplitude in imp/sec

) pet mm of sﬂfetch) to all amplitudes}of stretch.

"The explanation of these phenomena -lies in  an



Impulses/seq

2D

3 \
1 sec >
B
SOJ ° °
4 Amplitude
40 .
§ —_—_ LY o Mean
> Phase L
2 3o ‘ advance .
E]
E
20‘ - . . - o o
o
AN o & (o] ,
10+
0 ? 1 1 J
o° r 1680° . 270° 360°-

p

'FIQ.'l.Z. Typical response of ia\affe:ent to sinusoidal
stretch. (A) Display of instantaneous frequency of .a

afferent to a series of sinusoidal- length changes. (B)

Average response df Ia to the application of 10 stretch

cycles, which “has been fitted with the best fitting

‘sinusoidal curve. The mean dlscharge rate (dashed line), the
modulation from mean rate (vertlcal arrow) and the phase
advance of . the afferent's response with respect to the
length change ‘is calculated. Similar analysis of Ia response
is used in Ghapter 2. (Adapted’ from Matthews and Stein,
1969). s : ‘ S :
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understanding, of the trahsfermation stage of ‘the spindle
response, When the intrafusal fibers are at reét‘there is a
fraction of actln myosin cross’ bridges that will be attached
(Hill, 1968). Th1s will result 1in a certain degree of
stiffness deveéloping - in those areas . of the intrafusal
fibers which, are well endowed with myofibrils. The poles of
Uua!£g1 flbers have a- hlgh density of myoflbrlla, while the
area under the Ia afferent endings has few (Poppere & Qu1ck

1985). b Therefore; when a smali stretch is applled. the area.
most' susceptlble to strain 1is the sensory area of the bag{
fiber. However,. when the size &6f the: stretch reacheS- a

critical limit, the crOss,brldges rupture, whlch decreases

A the st1ffness of the poles and the proportion ofﬁ'straln'

'experlenced at the Ia endlng The I1 afferents do not ‘have a_

51m11ar -degree . of 1nhomqgene1ty in their myofibril

distribution and therefore do not exhibit this ndn—llnearlty

(Matthews‘&,Stein, 1969).

aY

]

EFFECTS OF GAMMA MOTONEURONS'
The activity of muscle splndle afferents 1s determined

by‘the‘¢omplex7interactions of two inputs: muscle length- and

rgammé motoneuron activity (Hulliger, 1984). A summary of the -

\effects of the two types of gamma_moteheurons is illus-rated

in Fig. "1.3. Static, and to a lesser'deéree dynamic, gamma
motoneurons. increase the resting discharge rate of I

afferents by causing local contractions of the polar regions

~of intrafusal fibers (Poppele & Quick, 1985). Dynamic gamm>



EFFECTS ON MUSCLE S?INDLE A??SRENT‘

Mean. Rate ‘EJQULation
Dynamic o+ +
S%atiC‘ e 4 o | -
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FIG. 1.3 .Cycle histograms (explained in Fig. 1.2)
illustrating the effects dynamic and Static-gamﬁa
motoneurons have on Ia afferents. Same amplitude of
- sinusoidal stretch is applied i- each case._Both types of "
gamma motoneuron increase the mean rate (dashed line) of Ia
discharge. Dynamic gamma .motoneurons increase, while
statics, decrease the modulation around the mean rate of Ia
"afferent. Similar criteria for differentiating between the
two types of gamma motoneurons is used in the experiments
described in Chapter ‘2., (Adapted from Hulliger, Matthews and
Noth, 1977). - : , S o
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motoneurons, .which innervate bag, fibers; generally increase
the sensitivity of Ia afferents to stretches above 0.{% of
muscle lengthfiHulliger et al., 1977). Presumably, this ig
due to an enhanceﬁent.of tﬁe stiffness of the polar.regions
of bag, fiber; in_respohse gofthe activity of dynémic gamma
mc . neurons. Therefore, fé% a given stretch, there will be:
an increase in thé proportion of local strain at 4the
eqﬁatoti@l‘.region of the bag, fiber, where the Ia terminal
is located. ’In contrast, static gamma vmotoneurons, which
innervate bagz. and chain.;fibers, ~generally lower the
}éehsitivity of_ Ia afferents tohstretch by decreasing the

stiffness of the polar regions of the intrafusal fibers. The

contrasting effects the two types of gagmma motoneurons have

on the stiffness of the intrafusal fibers is a result of the

differing contraction speeds of the myofibrils. The cross-

bridges within bag, fibers, which turnover slowly, spend the

ﬁajority of time bound when activated by dynamic gamma

motoneurons. Bag, and chain fibers have fast contracting :

S
‘ iy . . . b .
myofibrils .. which, upon activation by static gamma

motoneurons, spend a greater proportion of the time with

the cross-bridges cycling rather than bound~'(Matthews,.

1972).

CENTRAL AND PERIPHERAL PROJECTIONS
The prOJect1ons of splndle afferent 1nformat10n and the
source of inputs ;o gamma motoneuronsvylthln the CNS have

been well documented (reviewed in Baldissera, Hultborn &

\3

‘
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Illert, 1981). 1) Mohosynaptic and polysynaptic Ia and II:
pathways qupply excitatory input to alpha motoneuroné
innervating . the homonymous. muscle and its functional
synergists.  2) In many muscle groups feciprocal Ia
inhibition of antagonist motoneurons is transmitted via Ia
inhibitbry neurons. Hdwever, such reciprocallinhibition is
not found between adductors and abductors,v muséles which
open and close the jaw, or inspiratory and expir:=tory
inte:costalb muscles.» 3) Ia spindle ;%ferents also synapse
via an‘inhibitory interneuron with the presynaptic terminals
of" other Ia afferents, thus lowering the target affererts'
excitability. 4) The dorsal spinocerebellar (DSCT) . and
ventral sginocerebeilar (VSCT) tracts in the hindlimb, and
‘the forelimb eéuivalents, the cuneocerebellar (CCT) and
rostrai spino-cerebellar (RSCT) tracts,' relay information
from spindlef afferents to the anterior lobe of  the
cerebellum (Ekerot, Larson, & Oscarsson, 1979). 5)
‘Recordings of evoked potentials and single éeils from the
.cerebral hemispheres have demonstrated the presence of
diffuse projections to the somatosensory and motor cortex
via‘brainstemjand thalamic nuclei (Oscarséon & Rosen, 1963;
Fer % Cheney 1979; Zarzecki & Asanuma, 1979).

‘"'An understanding of the sources of bgamma motoneuron
recruitment 1is imperative for tne complete elucidation of

‘muscle spindle function. At the peripheral level, gamma

motoneurons receive input from skin, joint and muscle
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afferents (Murthy, 1978; Murphy, 1981; Ellaway, Murphy and
Tripathi, 1@82; Johanssoh & Sojka, 1985; JohaAsson,
Sjolander & SOjka,' 1986; /Appelberg, Johansson & Sojka,
1986). The effects of these peripheral receétors on gamma
motoneurongyactivity is quite .variable ana_ widespread.
Furthermore, the strength of these projections seems to be
dependent on the experimental preparation and the activity
of the animal. For insténce, the powerful ‘excitation of
gamma motoneurons in response to cutaneous stimulation
typiéally seen in the decerebrate cat appears to be
supressed in the intact preparation (Trend, personnel
communication). Furthermore, this reflex excitation of gamma
motoneurons 1in the decerebrate animal is té;ally inhibited
when the cat begins to Qalkr(ﬁurphy,“ Stein & Taylor, 1986).
Pérhaps the qffects'Aof cutaneous and joint receptors = on
gamma motoneuron activitf is surpr%?sed in the freely moving
animal. ‘Functionally, - this - would ‘pfevent the gross
interference of the centrally programmed control of gamma
motoneuron dishcarge by the somewhat wunpredictable reflex
activation of peripheral feceptors. |

quraspinal projections to gamma motoneurohs include
the reticular for@ation (Sshimazu, Hongo & Kub?ta, 1962),
ventrolateral nucleus of thalahus (Yanagisawa, Narabayashi &
Shimazu, 1963), cerebellum (Gfanit, Holmgren & Merton, 1955;
Gilman,\ 1968), red nucleus (Appelberg, 1981) and the motor

cortex AMortimer & Akert, 1961). There have been suggestions



that a particular type of gamma motoneuron, either dynamic
or static, <can be selectively activated by the above

»

mentioned suprasrgir.al centers.

FUNCTIONAL ROLE OF MUSCLE :SPINDLE

Considering the multitude of efferent and afferent
projections involved, it should not be surprising that
several —roles have been proposed for 'the muscle spindle and
gaﬁma' motoneurons. Merton (1953) 1led the way with his
proposition of the follow-up servo hypothesis. The basic
-premise of this tﬁeory stétes that for all but the fastest
movements, muscle activation is driven through a segmenﬁal
reflex -arc. That is to say, the command signal recruits
gamma motoneurons, resulting in thg excitation of spindle
afferentg, which in turn excité the alpha motoneurons.
However, Vallbo's (1973) recordings from human nerve fibers
with fine tﬁngsten electfodes} clearly demonstrated that
the activatioﬁ of the AuSCle preceded spindle afferent
dischérge. Furthermore, it was apparent that the rhythmical
activation of alpha motoneurons during \reSpiration and
locomotion was p?ssible in the deafferented preparation
(réviéwed in Nacnan & Sears, 1960).
| Nonetheless, Merton's‘hypothesis generated considerable
interest regarding thé rolé of the segmental re{qu in r~tor
¢og£rol. The ensuing inveétigations eventually led to “the

vindigation of,certain aspects of his initial model. For
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instance, examination of the motor unit discharge during
spontaneous and voluntafy movements illustrate that at least
part of the drive to alpha motoneurons is dependent on the
reflex activity 1induced by gamma motoneurons (Nathan &
Sears, 1960; ‘Hagbarth, Kunesch, Nordin, échmidt & Wallin,\
1986). A related concept known as the 'servo-assistance'
* theory states that the command signal which is responSiblé
forv generating a movement is delivered to gamma and alpha
motoneurons. In\ the‘ presence: of unexpected loads = or
decreased farce production by the muscle, the discharge of
the gamma motoneurons provides spinale afferents with the
appropfiate excitation to facilitate the activity of alpha
motoneurons (Matthews, ;981l; The facilitation by spindle
afferents 1is produced by monosynaptic and ~polysynaptic
segmental pathways, and via what has been termed the 'long-
lgop' reflex, where the afferent signal may pass through the
cortical .regions on route to the alpha-motoneurons (Marsden,
Rothwell & Day, 1984). |
The importance of muscle receptors to motor control 1in
humans is evident from observations of patients with éensory
neuropathies. “The ef{g;an{ proiections and muscles ofxthese
individuals are normél, ~but due to vafious disorders, the
CNS does not receize proprioceptive information. When
tested, these subjects can generate gross movements, but the
magnitude and timing of their muscle activation is %pficient
(Forget & Lamarfe, 1987).'As well, they have difficﬁlties in

~
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maintaining a steady postural position or performing
movementé that demand precision (Sanes, Mauritz, Dalakas &
Evarts, 1985). All of these éeficiencies ané accentuated by
the application of external loads to the limb being tested.

| The reflex effects of Ia and Il afferent activity

durifig a movement are not limited to the alpha motoneurons

innervating the particular muscle in which the spindle‘

resides. Mendell and Henneman (1971), wusing the method bof
Spikertriggered a&eraging, demonstrated .monosynaptic
projections; from spindle»affefents to a sigﬁificant portion
(2/3) of agonist motoneuroqs, while antagonist muscles
receive inhibitory projections ‘yia spinal interneurons
(Eccles, Fatt & Landgren, 1956). Further complexity is
"introduced by, the still relatively 1little understood,
gating of spinal interneuron and spindle afferent -acti{{ty.
This 1s praduced bf ‘cutaneous, joiﬁt and other spiggle

afferents from . the periphery, as well as centrally

originating projections from the cerebellum, brainstem and

cortex (reviewed in Rudomin, 1980). In addiiion, recent work
has shown thét pérturbations applied during:postural states
(Nashner, .1982) and speech movements (Abbs & Gracco, 1983)
result in compensatofj responses which cannot be thought of
as simply the résultant action of stretch reflexes. Rather,
these ‘studies suggest that proprioceptively mediated
responses can occur ;t those centg;[ within the CNS which

P4

program the ' coordination of movements involving several
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muscles and joints. In summary, ; there is a significant
degree of flexibility of reflex responses induced by muscle
spindle afferents and they are presumably utilized according

to the particular demands imposed on the motor system at any

b

N

given time (Akazawa, Aldridge, Steeves & Séein, 1982;.
2 !

Capaday & Stein, 1987).

The protracted debate regarding the gontributidn of

muscle spindle afferents to the conscious awareness of limb
position appears to be settled. The impgtus' for the
reinyestigation of tﬁis problem came;from thé realizatién
that the signal from joint receptogs was”not as wéll
cbqrdihated with 1limb position ;s had been previously
thought (Clark & Burgess, >1975). " The initial evidence for
involvement “of muscle. spindle Aafferents came  from the
demonstratfon' that&vibration of thé muscie belly, a *nown

stimulus of Ia.afferents, led to the illusion that the joint

was moving. This was followed by the report of McCloskey and

co-workers, .who described the illusjon of movement in his.

big toe when he pulled on the tendon (McCloskéy, Cross,
Honner & Potter, 1983). Further confirmation-has come from
the eva;uation of position sense during movements wh}le the
activity of joint and ‘cutaneous receptors have been

"

eliminated by anesthesia or anoxia (Matthews, 1981). Burgess
_ o

and his co-workers, have recorded,the simultaneous activity

of spindle afferents from several muscles surrounding a

joint to find that as an ensemble they could provide the CNS

oy
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with graded information regarding limb position throughout
the physiological range of movements (Simon, Wei, -Randic &
Burgess, 1984). It has been‘sgggeéted that the CNS would
“require information régarding tﬁe sténting position of
musclé length and joint angle to generate the appropriate
motor command (Haéan & Stuart; 1988). Furthermore, awareness
-~ of the final position attained during a movement and vits
comparison to ‘the intended position would séem to be
necessary during the process of learning ‘motor »skills,’

(Brooks, 1986).

* An introduction to the specific topic of the role of
muscle spindles in tegpiration is supplied invCﬁapter_Z. The
vﬁollowing &s' a géneril‘introdﬁction of the iﬂtercostai
muscles, which will compliment the information on this topic

.offered in Chapters 4 and 5. . (

INTERCOSTAL MUSCLES
Bt the end of the expiratory ohase “f the breathing
cyé}e, whén the respiratory ﬁuscles ar- .aactive, the forces
aéting on the rib cage are 'in static equilibrium. At this
volume, tﬁe elastic .reéoill of the‘lungs which tends to
-collapse the rib cage is balanced by the normal tendency of
the c'hestv~ wall to spring “youtwards (West, 1974). During'
inspigation the resbirator; muscles functibn‘to enhance the
forces .which expand the r{b cage. Normally, the rib cage
will return to the equilibrium‘positidn‘ dufing expiration

merely by the cessation of:activity in inspiratory muscles.
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With 1increased levels of ventilation, however, there 1is

hY

often | a recruitméﬁt of the expiratory mﬁscles wbiéh
,faciligate the return of the intrathorqcac volume . to, or
occasionally beyona; ‘the equilibrium posit}on (Campbell,
Agostoni & Newsom Davis, 1970). |
The force produced by the diaﬁhragm is responsible for

approximately two-thirds of ‘the increase in intrathoracic
volume during inspiration. The synergists of the diaphragm
include the 'éarasternal, external 1intercostal, levator
costae and scaleni muscles. On fhose occasions when there ..
is. active’ expiration, the internal intercostals,
triangularis gterQi, "and abdominal muscles are ‘recruited
(Campbell et al, 1970). )

~There were’several reasons for.choosing the external
intercostal muscles for the study of muscle spindle function
during respiration. 1) Only the inspirdtorj muscles

: . N

cons%stently’ illui;rate electromyogram (EMG) activity
related to the respiratory cycle in anesthetized or
decérebrate cats. 2) The diaphragm is one of the_relativély
rare mammalian muscles which has vefy’few spindles and does
not exhibit an autogenic stretch reflex (Derenne, Macklem &
Roussos, 1978) % 3) THe parasternal muscles also have
relatively few spindles and a weak ségmentél reflex (Duron,
1973Y.—vFurthermore, it is technically difficult‘to isolate

its nerzb supply fot .extracellular recordings without

inducing(/a pneumothorax. 4) The external intercostals are
0 2 ’

\b . S h

]
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FIG. 1.4. A simplified illustration of the intercostal
nerves and muscles. The main intercostal nerve, upon leaving
the spinal cord, - branches into the internal (e) and
external intercostal (c) nerves. The internal intercostal
branch innervates the internal intercostal muscle (b),
parasternal muscle (f), abdominal muscles and cutaneous
sensory receptors (d). The external intercostal nerve runs
between the internal and external intercostal muscles (a),
innervating the latter. (Adopted from Eccles, Sears and
Shealy, -3962). ) -

-~
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well supplied with muscle spindles (Dufon, 1973). 5) The

N i

external ‘/nefve' is accessible - to recording during-
spontaneous respiration, with the internal intercostal
muscle  -ting as a barrier between the recording site and

the thbra;ic cavity. Moreover, this. nerve, unlike the
L L. a : . R Co
~ internal  intercostal Jerve, does not contaln’ cutaneous

reCeptors or efferent fibers to more than one muscle (see

Fig. 1.4), 6) It 1is relatively easy to apply 'a well

-

controlled stretch ' to the external intercostal muscle via

¢

its insertions into adjacentiribs.

The ribs, when under the influence of forces generated

by )the action - of inspiratory muscles, rotate about>£heir
~inseftioh at the vertebral column. greeeﬁtly, thefe are two
theorie;‘ regarding the'vﬁechagism ef ecéion of the
intercostal muSéles:‘ bne,is‘based on the arrangement of.the

muscle fibers in relation to-the ribs (Agostoni,_ 1964)s The

flbers of the external 1nter¢ostal sloRe obllquely‘ downward

/

and forward froS\the upper- to lower rib. Therefore, the
lower 1insertion is further from the axis of rotation than
‘the upper ingerti?n. Subsequently, ‘when the ﬁuscle
eonfractsq .more torque’ is generated on the lower qrib,
gorcing it to move outward and . upward. ‘The. fibers of

«

internal 1ntercostal muscles sfﬁbe in the opp051te direction
.

and therefore upon contraction they act to move the ribs

/ ’ . a :

inward and downward. The parasternals,” although aligned in

the same dirdection as the internalyjintercostals, have  :the

~a
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sternum as their point of reference and therefore they téﬁa

to raise the ribs.

DeTroyer and his co-workers have recently suggested a

d \ .

different mechanism -for the action of intercostal - muscles

(DeTroyer, : Keliy & Zin, 1983: 'DeTroyer, Kélly, Macklem &

A

r .
Zin, 1985). They mim: <ed the récruitment of external
intergostals by'electrically,stimuiating the muscles at end

tidal volume (i.e at the intrathoracic volumé,reached at the

end of expiration)..  As predicted by the earlier_ﬁheory,'the
- . . -‘\,':

cephalad displacement of the lower rib was.twice as large as

4

the caudad displacemeht'of the uppef~:ib, and t -efore the -

. . " . . . r .
~rib’  cage ’‘expanded. However, when the same mu cles were

activated at half inspiratory capacity (i.e. volume at which

1

expiration begins), the opposite gffect was seen.. It éppears
the movements producea by in{srcbstal muscle agti$@£ion are
dépendent on ‘the~.specificNiingrathbracic voiuméﬂfpresent
during . a givén stége of the cycle. /Tﬁei; ’inspfkatory° 6:
expiratory function  stems ftom-lﬁhe timing of - their
recruitment during the respiratory éytle; rather than the
mechaniéal relationship‘between“the'muscle and . its point df
insertion. The prdbonents of this theory‘gd‘

.

the intercostal muscle aétion,is détermined.byvthe relative
resistance tgq, :movement"of the 1owe:  and upper rib. At
functional residual capacity (FRC), when inspiration starts,
there is théughf to be passive tension in the neck musclig
which act-to stabilize th- upper rib. in'contfast, at h&gq

e S o
s e

~—

‘on to suggest

i
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.tweIQe .intsrcqstal »Spaces ‘revealedvthe‘mechanicsA of the

23

intﬁachoracic "volumes the abdominal muscles would exert a

_stabilizing tension on the <lower  rib. However, the

e

‘experimental evidence to confirm this model is not yet

availéble,

| It' became  apparent durihg‘ the courS; of our
iﬁvestigations that'the inﬁefcostals were noﬁ a homogenedus
group of muscles. 'Firstiy,‘ £h§"EMG act1v1ty during .
respifétion,-was llmlted to well. defined areas of ‘the rib
cage (Chapter\S). 'Secondly~there;were reg;pnal dlfferences\
in '£he recruitment pagkerﬁs of Jgamma motoneurdns in
different areaé of- thév§ffb bcage (Chapters 2 ‘and 3). 
Thirdly, 'lengbh meaéufementg of‘thé mugﬁlé fibers vin the
various regions to be different (Chépter 4). These findings
led . usA to 1nvestlgate whether there may also be regional"
aiféeréncqs in ‘the muscle flber prope:tles améngst the

intercoétals¢ (Chapter 5). As described in the chaptef§~

,%6llow, * tFoare seems to be a correlation between the

/
/

recruitment: patterns of alpha and gamma motoneurons, length

'changes of musqle_frbers, “and the hlstochemlcal proflle of

the intercostal muscles. An introduction specific to these

topics is included in the appropriagp chapters.
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<

GAMMA MOTONEURON CONTROL OF MUSCLE SPINDLE

'SENSITIVITY DURING RESPIRATION IN THE CAT
- ‘ : L

"~
]

. Mammalian muscles contain spindle ozgan?/which convey
-~ ‘ ( . ,
sensory informafion to the CNS. In turn the CNS can

influence the muscle spindle properties via activity in -
motoneurons. Generally vy-motoneurons are divided into two

.

categories: static 'énd dyq?mic. The two types of -
motoneurons have a 51milar range of dlsgharge irequenc1es
and conduction velocities which makes it 1mpossubleh to
differentiate between them on these bases. | They. can,
however, be differentiated by theif gffeets on muscle

spindle afferents (Matthews, 1981). Dynamic y-motoneurons’

increase the mean dﬁgéﬁarge rate and the sensitivity of a

prlmary afferent's re@pcnse to smnu501dal s¢retch (aboveXthe

. um range). Static y-motoneurons also 1ncrease the ' mean
. Lot

_ discharge rate ‘but decrease the sensitivity of the “spindle

~afferent's response ‘to sinusoidal .. stretch  {(Hulliger,

~TNC

‘Matthews & Noth, 1977). Therefore, by‘obsefving the muscle
spindle's -response to a length change it is often ~possible

to infer the nature of the y-motoneuron activity.
I ~ : ) : : T
Applications of ;this  strategy have been used to
| : > . X
1. A version of this chapter has been submitted

to the Journal of Physiology; Gredr, J.J. and
Stein, R.B.

R .
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propose models for how the CNS recruits y-motoneurons during

various rhythmic movements.- Recordings of spindle afferents

-,
P

and efferents during rhythmic jaw movements in the cat by

. i .
Gottlieb and Taylor (1983) suggest that dynamic -

motaeneurons fire tonically throughout chewing ‘movements
while staticly—motoneurons are activated phasically with «-
motoneurons. Evidence from rgcordings of muscle spindie
afféfents in the monkey durimg isometric biting suggest that
dynayic/ 7—motoneuronsi afe co-activated with «-motoneurons
whiié the static 7?motoneuron activity is minimal (Larson,

Smith & Luschei, 1981). Both of these groups rely heavily on

. . N . ‘ . s
"their evidence from recordings of what tHey~have classified

as secondary < ' ngs for their proposals of <y-motoneuron

recruitment., However“' ‘Larson et al' have based their

classification’ on th2 rather dubious «criteria of the

R

afferent’s re%gtive sensitivity to stretch, while Taylor's

group utilize the’ more reliable method of observirig the

afferent's response to'suxamethonium. Finally Lund and 0Olson
(1983), 'after‘revieﬁing ﬁhe évidence, have suggested:thaﬁ
tﬁe recfuitment.patterns*of'dynamic and static 7:;otoneurons
in jaw muscles varies depénding on the partipular type of
jaw movement. | | |

Evidence from recordings of 73m9toneurons and muscle

spihdle\'afferents to leg extensors of the decerebrate cat

during locomotion suggest phaSic dynamic and tonic static vy-

" motoneuron activity (Mufphy(,_Stein & Taylor, ~ 1984; Taylor,
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Stein & Murphy 1985). Recordings of muscle spindle afferents

-

from. the hindlimb muscles of the freely moving cat also

~ . L . :

N {sugges% that static 7= motoneurons fire tonically during
Iocqution (Prochazka, Hulliger, Zahgger & Appenteng,
1985) . These chroﬁic recordings do not show any indication
'of dynamic 7—motoneuroh activity during slow gait, bpt there
is /9vidence that .Ehey are recruited phasically when the
speed -of gait'increases. There have also been suggestions

i\i““ that the levels of-dynamic and static y-motoneuron activity

| vary aménggt the different hindlimb"muscles‘ inQolved in

iiqcomotion (Perret & Betthoz, 1973; Cabelgﬁen, 1981;“Loeb,
1985) . .
3 : This Chépteﬁ describes éxperiments which‘were.designed
to provide information regarding the activit? of the two
types of y- motoneurons during another rhythmic activity in
the cat, réspiration. Muscle spindles have been identified
in the intercostal muscles (Hube{, 1902; Barker‘1962; Duron,
1978) and have been shown to éxhibit the same properties as .
those in the cat hindlimb (Andersson{t-Lennerstrand & Thoden
1968; Newsom Davis, 1975). Recordings from intercostal nerve
filaments have shown that there are both tonically and
phasicélly activeb7?motoneurons (Chapter 3; Critchlow & von,
'Eubgr, 1963; Sears; 1964). Until now thése y-motoneurons
have notf @een ‘satiéfactorily identified as beidg of the

dynamic or static type, The functional implications of these

findings will be discussed. A brief description of these



. results has appeared (Greer & Stein, 1986).

METHODS
Two types  of acute experiments wefre performed on
spontaneously bgsgyéing adult cats of eithFr sex., The first
involved 7 - ats which were anestﬂetized with Halothane

(delivered 1in a mixture of 95% O, and 5% CDZ) up until the

time they were decerebrated at the intercbllicular ~level.
The second group of experiments involved 21\cats which were
initially anesthetized Qith sodium pentobarpital (20mg/kg)
and maintained on Halothane anesthesia. Wwh le recoréings
.wefe being made, the lével of anesthesia was \owered untii

the animal illustrated tone in the hindlimbs. \The .animals

were either .positioned in the prone position o on éhei:
side, depending on which muscles were being stu¥ied. The
intercoétal muscleé were éxposed and a muscl pool
containing warm (37°C) paraffin oil was formed. The uscle
-pool was formed by .suturing'the skin, wnhich had
separated from »the_underLying muscle layers, .o = 92 
‘diameter metal ring. Thé temperature of the animal was
maintained at  36.0-37.5°C by radiant heat. In  all
experiments cannulae were inserted in the trachea, carotid
artery (for mdnitoring’ﬁlood pressure),  and in the external
jugular vein (fbr administration of Dextran in the eQen; the

animal suffered excéésive blood loss during surgery).
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Recording Techniques

Peripheral nerves were freed from the surrounding

. intercostal muscle and extragellulaf action potentials were

recorded triphasically on 'silver "hook "electrodes. = The

tripolar configuration  of the = recording electrode

"facilitated the rejection of EMG signals emitted frém

surroundlng muscle o sets of electrodes, one prox1mal and
the other dlstal:f;;j: used for each recordlng Th1s made it
possible to differentiate between efferents and afferents
based on dArection of propagation of fhe indi¥idual units
(Flg v2.1A). The . number of active muscle spindle primary
afferents' in a given recording was minimized bf isolatiﬁg‘ 
s;all areas (0.5-1.5 cm) of muscle which typically contained
1-3vspindies.-This was accémplished by denervating all other
éo}tions of the muscle distal to the muscle strip of
ihtgrest. |

Primariés and -séconaaries were differentiated by the
amplitude of the}r spike which, with our recording é;ray,
has been demonstrated to be épbriximately proportional to
the conduction .vélocity éf the afferent squared (Milner{
Stein,  Gillespie Q’Hanley, 1 1981). Therefore differences in
axopal-siZe between the twblpopulationé of spindle afferents
were ., accentuated. Furthefmore,’ the afferents ﬁwith tﬁe
iargést .Spiké amplitudes were‘selécted fdrvénalysisddue to
the ease of dlscrlmlnatlng these units from -amongst the

population of action potentlals -seen in the nerve



‘cycle were calculated as described in the text.
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FIG. 2.1 A) Illustration of the technique used to record

separately from mudscle spindle afferents and efferents. A

‘clamp stabilized the rostral rib while the caudal rib was

attached to a torque motor. The intercostal nerve was lifted
on hook electrodes into paraffin oil. The recording from the -

distal electrode-.was amplified (Al) and led to window -
‘discriminator #1 (copy. of actual trace from oscilloscope of

afferent and .efferent units shown within circle). The
trigger level and window were set to isolate the large

‘amplitude spikes (dots around spikes are window from

discriminator). This selected signal included beth muscle.
spindle primary afferents and alpha motoneurons. Signals

“ from the proximal electrode were amplified (A2) .and leéd to

window discriminator #2. To generate an acceptance pulse
from window discriminator #2 'a signal of the appropriate
size and shape had to pass through the window coincidently
with the acceptance pulse from window discriminator #1.
Since the afferents appeared later and the efferents earlier
in time at electrode #2 with respect to. the signal at
electrode #1, the two components of the mixed signal could

be separated (note signal from electrode #2 has been delayed

by 0.1 ms in order to facilitate viewing of the signal
separation). 1B) The. acceptance pulse from window
discriminator #2, indicating the occurrence of muscle"
spindle primary discharge or alpha motoneuron, was led to
the computer (D0) along with markers of the respiratory (Dl)
and stretch (D2) cycles. Analogue signals of the applied
length change (Al) and the rectified and integrated
diaphragmatic EMG (A0) were also led to the computer. The
activity of the spindle afferents and alpha motoneurons with
respect to the applied length change and the respiratory
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recordings. Measurements - of éonductibn velocity in
preliminary studies démonstratea‘thaﬁ the afferents with tHé;
largest‘ amplitude spikes were conducting at >80 m/s..  The
signal-to-noise ratio of our whole nerve reco:dings‘was not
sufficient to cthidently d?scriminate~individual uﬁfts of
small and intermediaté size, which.‘presumably‘ included
secondéry afferents,i The wunits we idéntified as primary
afferents were sponfaneously aétive during the respiratéry
cycle and acutely sensitive to small length changes applied
to the muscle, in contrast to what has been reported for the
majority of tendon organs in the intercostal -muscles
(Bolser, Lindsey & Shannon -87). Our iaentification of the
afferents as deriving from épindle rather than tendon orgéns
was confirmed upon removal of gamma motoneuron activ“ityL
which resulted in a change in the mean  rate and sensitivity
of Ehe muscle recéptor in response to an applied sinusoidal

stretch.

o >

A 4 Hz sinusoidal stretch was applied to the muscle by
stabilizing the rostral rib with a clamp and attaching the

cauda}; rib to a servo-controlled torque motor (Fig. 2.2).

'The size of the stretch was adjusted to be lar?:/;pough to

modulate the primary afferent's discharge, “But”-ofrso lgrgq»

~

s

as to silence the afferent's activity during ‘the :release,

v s P
phase of the stretch. It was necessary to apply .length
changes .with ampiitudes:in the non-linear range (>0.5% of:

resting length) to differentiate the effects of the two
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‘types i y-motoneuron on the muscle spindle afferents

(Taylor et al, 1985). To verify the actual amount of an
apglied stretch thar reached the muscle fibers surrounding
theA:ﬁUscle spindle, the technique of sonomicrometry  was
used (Chepter 4). |

In order to monltor the timing and depth of respiration

EMG recordlngs of the dlaphragm were made with stainless

¥

steel electrodes which were inserted. into the caudal surface

of the ‘muscle via an incision along the 1inea alba. The
L3

incision was subsequently closed with surgicel thread to

ensure the 1ntegr1ty ef the abdomlnal wall was ,maintained.

‘Motor unit record1ngs of the intercostal muscles were Nmade

with a blpolar electrode (a strand of stainless steel wire

was 1nserted into an 18 'gauge needle ‘and bent back in the
o k<

form of a hook which remained in the musc1e after the needle
was removed). -Em,?a |
D}aphragmatio'éMG, nerye impulses, length changes end
motor unir recordings were amplified and then recorded, op an
) s

. , : . _
FM tape ; recorder as well as being monitoréd “on an

osc1lloscope and chart recorder. »The‘neural signai was.

fflltered (012-10 KHz) to 1mprove$§he 51gnal to- nolse ratio.

'Ana1y51s s . - N

v

i "

;Response of afferent w1th'respect to sinusoidal stretch. The’

data was analyaed on 'e PDP 11 computer The neural_
recordings were passed through two " window discrimlnators

(Bek Electronics, Md.) cascaded together wh1ch alloWed for
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isolation of afferent and efferent units (Fig. 2.1A). \Each
selected spike or spikés then triggered a standard pulse
“which was led to the computer for the generation of cycle
histdgramé. The histogram plotted the dischafge rate of the
spindle afferent in erlation to ﬁhe sinusoidal length
change. Eachd sweep of the histogram was tr@ggered by a
pulse marker which éccurred .each time the sine wave
‘amplitude reached a designated threshold. , A histogram
consisted of 256 bins with the width of each bin chosen so
that one histogram covered one stretch cycle, The number of
spikes in each Bin was aivided by both the number of -cycles .
and the bin width to convert it to units of - impulses per
second. The number of stretch cycles for which the
.affe;eht's respénse was averaged was typically 12%0
(approximately 60 bfeaths). Each bin of the‘histog;ém was
averaéed with the two'ﬁeighboring bins on each side (5—pqint>
running average) to smooth the histogram. The frequedcy
_hlstogram was then fitted with the best fitting 51ne wave bY{

méthod of least mean squares. From this f1tt1ng the
afferent's mean rate, .mddulation around the mean'rate and
phase advance in relation to the sinusoidal - length change
could be calculated. The muscle 'spindles were subsequently
‘deefferented by crushing the‘ nerve proximally and the
analysis repeated. In this way the huscle spindle's response
to stretch with and without y-motoneuron activity could be

. A
compared.

)
rd

Ve

A

. .‘é«__«/



45

Response of afferent with respect to respiratory cycle. A

more complicated analysis was needed to determine the

afferent's diseharge rate and modulation with ‘respect to

'time in the resbiratery cycle. Techniques similar to those °
used by Taylor &t al. (1985) for the analysis of spindle

afferent response during the step cycle were adopted. The’

"EMG was rectified ;nh low pass filtered with a third-order
Paynter filter (30 Hz) and RC filter (50 Hz). ‘This processed‘

EMG was then used to activate a Schmitt trigger and the

resultant pulse was sent to the computer, as were the pulses

generated by the sine wave and nenral signal (Fig. 2.1B).

The respiratory cycle was arbitrarily divided into - fourteen

parts and the afferent s average response to sinusoidal

length changes was determined for each part (Fig. 2.3A). The

first trace represents the afferent‘s respdnse tO'sinUSOidal

length changes which started 0-214 ms after the marker at

the start of the respiratory cycle The subsequent. stretches

ystarted after the respiratory marker by increments of 214 ms

£ :
\.for each successive histogram. Each trace started at - heh ;

-~ '
same phase of the stretch cycle. ‘

v
e

‘To obtain the modulation in afferent rate due solely to
o

the stretch, the average response of the affeient s rate due
to respiratory movements (Fig. 2.3B) was subtracted from
a sine curve and the modulagﬁhnlin rate “determlned. The
“validity of this procedure was tested1and confirmed using

I, _ - -
known_}nputs’to an electronic neural analog (Taylor, 1985).
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FIG. 2.3 A) Average response of an afferent-to 51nu501da1
stretch durlng 14 parts of the respiratory cycle. The first
histogram represents the afferent's response to a sinusoidal
stretch applied during the first 214 ms of the respiratory

.cycle. The following. traces represent the afferent's

response during subsequent (214 ms intervals) parts of the

‘respiratory cycle. Each trace starts at the same phase of

the stretch cycle. The histograms are then fitted with sine
waves from which values of modulation around the meapn, rate
can be calculated. B) The average response of the afferent
due to movements of the rib cage associated with
respiration. These movements occur when the muscle could not
be held 1soﬁetr1cally The modulation of the afferent's

‘'response shown in 2B could then be subtracted .from the

response of the afferents shown in 2A. This procedure
allowed the pure response of the afferent to the simysoidal

;stretch to be calculated.

e
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The méan~rate during each paft of the respiratory cycle was

calculated from the portién of each histogram corresponding

to one stretch cycle before the respiratory movement-induced

" activity was subtracted away. A plot of mean rate and’

pistogrém was triggered by the rising phase of the rectified

modulation a;gpnd mean rate of the muscle spindle afferents

versus time in the breathing cycle can then be ‘generated.

The points'were fitted with a line genefated  from averaging

: ' .
each point with the neighboring two points (3 - .point
runﬁing average). The activity of the musclé ‘spindle
afferents before and after removing tgf. y-motoneuron

activity was compared.

Muscle spindle afferents whose response to the applied

sinusoidal stretch did/not change after deefferentation were

not included in thi$~séudy. The neyves may have been blocked

proximalv.to'the recording electrodes due to__ damage during

/\

diss€ction. The fact that the majority of | these units

oy

appeared during the prelimiQary'experiments this study -

-

gives credence to this hypothesis. As well, he level of

anesthesia may have been high enough during some recordings

to completely inhibit y-motoneuron activity. !

o

Pattern of ,.x~-motoneuron activity. Finally, the intercostal

»

motor unit or a—motoneuron/ﬁtring rates in relation to the

respiratory cycle were determined. Bach sweep of the

Q

énd vintegrated diaphragmatic EMG..‘ﬁﬁhistogram consisted of

o

.256 bins with the width of each bin chosen so that one

F 5o,
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‘'histogram covered one respiratory cycle.

RESULTS ’

The apparent levels of dynamic ana static y- motoneuron
activity wvaried in,muscle spindles from different'areas of
‘thé intercostal musclss.‘There was a correlation between the
type of y-motoneuron activity and the presence or absence of
respiratory- related EMG activity in the vicinity of the
muscle. spiﬁdle{ A full description of;the distribution of
EMG activity and range of length cbanges in the intercostal
muscles of the cat during ;espiration will be reported

elsewhere (Chapters 4 and 5), but salient points will be

included here as necessary. .

3
- Afreas of external and internal intercostal muscles where «-
motoneuron activity is absent.

Fig. 2.4 illustrates the location of the muscle

spindles from which the results reported in this section are

derived (19 units). EMG activity related to the respiratory

cycle is, seldom seenq in the cd@dal por;}pns of the rib cage
A{ . N,

in anesthetized or decerebrate cats (Duron,v 1973: Greer,

Stein & Martin, 1988). Muscle spindles from both internal (3

units) and external (16 units) intercostal muscles of

4 .

decereb%;te (9 units) ‘and anes“hetized cats (10 units) are

: 1nc‘1\%fi 1n thls group.

- Flg 2 SA shows i_he response of a primary afferent from

cHVed in the external intercostal muscle

o ’

=
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DORSAL . ‘

R W

FIG. 2.4 Areas of the intercostal muscles where muscle
spindle recordings were made in the absence of respiratory
related EMG activity () as monitored with bipolar
electrodes. Gamma motoneurons innervating these areas
appeared to fire tonically and were characterized as being
predominantly of the st#@ic type. Location of the external
intercostal muscles where recordings of muscle spindle
afferents were made in assogiation with respiratory related
alpha motoneuron activity (@ ). There is évidence for
populations of both tonically and phasically discharging
gamma motoneurons in these areas. . o
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to an applied sinusoidal stretch. The histogram represents

the average response of the afferent to approximately 250
applications of a 0.1mm, 4 Hz sinusoidal stretch to the area
of muscle in which'the spindle wasYlocated. Thé‘peak of the
primary afferent's aiSCharge inyéfiably led the length
change ‘by approximately 90 degrees indicatihg that the .
afferent is mainly gespbnding to velocity (velocity being
the first derivative of led@ih). ‘ i} -

The respdnse of the same afferent to a stretch of the
same size after the muSgle spihale has been deefferented can
be seen in Fig. 2.5Bﬁ.‘The'méan rate has decreased and the .
modulation around mean rate has incfeaﬁed. Therefore, the

L e '

efferent supply to the muscle épindle-whieh was present in
S~ )

Fig. 2.5A had the effect of }nqreasinthﬁe mean rate and

decreasind the sensitivity (modulatiqp of méan rate per unit
change in length) of the muscle spindle.ﬁThe~Changes iﬁ mean
‘rate and modulation upon‘deefferenﬁatiéﬁ-qf \thé uremaihing
spindle iafferents is shown in Fig;w'Z;G. Alliunifs in this
group illustrated characteristics whiéh'suggésti'they were
being influ?nced by Fhe effects of -static jfmotoneuroh
activity. : ‘ '

The above ;mentioned nresults describe the average
response of the musclé spindle éffe _s over tﬁe whole

respiratory cycle. It was_also of inLerest to analyze the

responses of the muscle spindle afferents during various

~ parts of the respiratory cycle. Rectified aﬁdéintggrated EMG

!

—
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FIG. 2.5 Fitted histogram of primary afferent's -average
response to a series (typically 250) of 0.1 mm 4 Hz
sinusoic : stretches before (A) and after (B)
-deefferentation. The smoothed histograms are fitted with a
sine curve to determlne mean rate (as indicated by the
dashed horiZontal llne)oénd modulation arcund the mean rate’
(as indicated by the vertical arrow). The afferent's
sensitivity to velocity is evident from the approximately 90
degree phase advance of the afferent's response in relation
to the sinusocidal length change. The mean rate decreased and
the sensitivity (modulation about the mean rate per mm of
applied stretch) increased with removal of gamma motoneuron
activity. - -



,.
L4
.

CHANGE IN MOD.

oy

(1]
o

|
— 351 ,
CHANGE IN MEAN. (INTACT—DEEF )
- (IMP/S) |

-

Fig 2.6. Plot of the changes in the mean rate and modulation
of the primary afferents due to deefferentation. These
values were calculated by subtracting the average meal. rate
and modulation of the deefferented state from that seen in

" the. intact recordings. The spindle populations were divided

according to whether they were located in areas where
réspiratory related EMG activity was absent ([]) or present
(H). A change in mean rate was indicative of the presence
of gamma motoneuron activity. The change in modulation
suggested whether statlc (decrease modulation) or dynamic
(increase modulation) gamma motoneuron effects were
dominating the spindle response. In areas where EMG activity
was absent there'was an increase in mean rate (group mean=
38.1; S.E. 4.8) and a decrease in modul tion/(group mean=-
21.3; S.E. 2.3) when .the gamma motoneurons were intact.
Areas associated with respiratory EMG activity showed an

increase in both mean rate (group mean= 58.8; S.E. 6.9) and
modulation (group mean=7.1; S.E. 3.1). The differences
between the change in modulation for the tw® groups is

‘highly - 51gn1f1cant (p<0 001, Student's T-test)
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from the Qiaphragm_was used to monitor he timing of the

resp1ratory cycle. Fig. 2.7 illustrates the mean rate and

modulatron around the mean rate of the prlmary afferent 1in

response to a s1nu501dal stretch during dlfferent parts of

the‘bresplratory cycle.:'lt is clear that the mean rate

,nl R
decreased and the modulation increased to nearly the same

'~ degree throughput the resplratory cycle. The muscle was held

approximately 1sometrrc» 50 any changes in muscle spindle
discharge would be adue to . the &nfluence of . y-motoneuron

act1v1ty The results indicate that the muscle spindle was

'predomlnantly rece1v1ng a ton1c level of statlc 7 motoneuron

1nput throughout the resplratory cycle. Any phasic component

of 7—motoneuron activity would be reflected in differences

between -thev_actlvitx of the spindle afferents during

inspiration an&ﬂ.explratlon. Fig 2.8 shows the relative

changes between 1nsp1rat10n and explratlon of  the other

\spindle afferents in this group. Clearly, they all showed .

¢

similar responses at both phases of the resp1ratoﬂ§ cycle,
indicating the -tonic nature of the static - ﬁotoneuron
activity.

Areas of external intercostal muscle where <-motoneurom

P

activity is present. ’ ‘ C
The locetigg» of the muscle spindles from which the

results reported in this section were derived (17 units) is
. ‘ ’ : k)

,illustrated .in Fig."2.4. Onlywrecordings of mmscle spindles

from external ,intercostal muscles are included in thlﬁx

Sy
3 i

., ' 4 kY
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FIG. 2.7 Plots of the afferent's (from Fig. 2.5) mean tate
and modulation before and after deefferentation at 14
different parts of the respilratory cycle. These value were
derived from histograms gf the afferent's response to the

applied sinusoidal stretches during successive parts of the-
‘breathing cycle as demonstrated in Fig. 2.3. Rectified and
filtered diaphragmatic EMG -is used to monitor the

respiratory cycle (upper panels). The mean rate cf the
afferent decreases and the modulation ‘'increases
approximately the same amount throughout the respiratory
cycle when the/muscle spindle 1is deefferented.

. !
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Fig. 2.8. Plot whfch illusirates the differefices between the
inspiratory and expiratorf“:‘gi»"values of- spindle, primaries mean ~
rate ahd mgd,ulation.”These values were calculated by
subtractipy "the average mean rate and modulation found
during sfxpiration f‘gxme those values found during
inspirat%,on.' There was. little difference in‘afferent -mean
rate (group '‘mean=4.5;" S.Eg 0.5)-and modulation (group
mean=2.1;75.E. 0.4) between the two phasés of the breathing
cycle in“Wireas of the rib cage . where respiratory EMG
activity ¥s typically -absengt, (). In contrast, the
differences in afferent mean raté: (group’ mean=38.2; S.E.5.3)
and ‘modulatiofgfy12:3:'S.E. 28 between inspiratiébn.afd’
. expiration in theitemainder oftthe rib cage demonstrated the
phasic recruitment g¢f dynamic gamma motoneurons
ap%;oximately in phase yﬁi,}_:ﬁ"’ ‘alpha motoneurons(Ad) -

¢
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group. The dorsal areas of the external intercostals in the
mid-thoracic spaces are phasically active during respiration
(Kirkwood & Seérs; 1978; Greer, Steih & Martin, {988). As
shown in Fig. 2.9, thé =-motoneuron activity in these areas
is recruited ‘n ohase with the diaphragmafic EMG.

-Fig.‘ 2.10 illustrates the responses of two primary
afferents from these areas of the external intercostal
muscles to ; series of 4Hz sinusoidal stretches before and
after deefferentation. In &ach »éase the mean rate has
droéped and the modulation decreased after the efferent
suﬁply' has beén removedﬂ  This is indicative of the effects
of dynamic {—mOtonegrons. Fig 2.6 shows the changes ' in mean
rate and modulation of ?ll the afferents 1in this group.
Within this group there.is'eyidenée for a range of effects
from étrong static to predominantly dynamic effects. The
basis for _this variation is evident from studyi;g the

\

response of the afferents-du:ing the different pafts of the
respiratory cyc’-=. %

 Fig. 2.11A illustfates the mean rate. and modulation
around éhe méaniréte of the -unit from Fig. 2.10A 4during
"various parts of the bréathing cycle before and after
deefferentation; In the intact recording, there is an
ihcrease in the éfferents mean rate and modulation during
-idsp&ration. This result is suggestive of a c0jactivation

°

of .dynamic y-motoneurons with «-motoneurons.

.
Fig. ~2.11B illustrates‘b the response of 'the muscle
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FIG. 2.9 Typical discharge pattern of alpha motoneuron
activity recorded from the same external intercostal nerve
filaments which contained afferent fibers illustrated in
Figs. 2.10 & 2.11. Rectified and integrated diaphragmatic
EMG is used to monitor the timing of the respiratory cycle.
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FIG. 2.10. Averages of afferent's responses from recordings
of two spindle primaries located within areas specified in
Fig. 2.4. Details as: in Fig. 2.5. In both examples
deefferentation resulted in a decrease in mean rate. The
modulation upon removal of gamma motoneuron activity
decreased to varying degrees in (A) and (B). ”
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FIG. 2.11. A and B illustrate the changes in mean rate and
ng 14 parts of the

modulation upon deefferentation duri
respiratory cycle of units from Fig. 2.1'0 A and B
respectively. Details as in Fig. 2.7. The afferents in both
recordings show evidence of receiving phasically modulated
activity from dynamic gamma motoneurons (dashed lines in B
illustrate changes : mean rate during inspiration and
expiration). The unit shown in B also shows evidence of
receiving activity from tonically firing static gamma

motoneurons. See text for full description. .
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-

spindle afferents from'Fig. 2.10B during various parts of
the respiratory cycle. The muscle in this example was not

[
held completely isometric, due to the movements imposed on

the clamp by the forces generated in the rf¥a¥Mjng areas of

t-e¢ rib cagé. Therefore, the muscle spini“uﬂ ﬁferenﬁs were
responding to both the sllgh?nlqngth change and, in the case,

of the intact nerve, the e?f’ ts of y-motoneuron act1v1ty

Since the forces responsible for the mo

falong

ment of the muscle

: . . ¢ .
strip were present in both the reco&t ngs of 1intact and

. l‘

deefferented nerves, any changes in mean rate.and modulation .

>

between the ' two recordings were due to the effects of -
motoneuron activity. Firstly, there is an overall ino;ease
in mean rate 1in the intact recording throuqhout the
respiratory cycle w1th the largest effect being _in phase

3

with. inspiration. Secondly, the modulation of the afferent's
discharge " in ‘response to the sinusoidal.stretch is higher
during inspifation in the intact as compared with the
deefferented nerve. This would suggest the’ added"y-
motoneuron activhy seen during inspiration is of the dynamic
type. The modulation of the afferent in the.ihtact nerve
during expiration 1is neither increased or  decreased
sign}ficantly from that seen in\;he acefferented state. This
is suggeétive of the summation of effects produced by the
act1v1ty of both statlc and dynamlc y-motoneurons. Fig. 2.8

shows. phél'dlfferences' in the' mean rate and modulation

between 1nsp1rat1on and explfatlon for all the afferents in

o

Ly .«
S )
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this group. In every case there was an added 1increase 1in
mean rate during inspiration accompanied By‘an increase in
the modulation of the afferent discharge. This apparent

recruitment of dynamic y-motoneurons either consisted of

purely‘ phasic activity or a waxing and waning of the

efferent's discharge. There was also evidence for a steady

level of static ~y-motoneuron activity throughout the
respirstory cycle in 15 of 17 spindles in this group.
Exceptions to=~ éhe above mentioned pattern of v~
motoneuron activity were seen in two muscle spindles (2 of
17). , They |were located in the vicinity of «-motoneuron
activity, yet showed no signsiof receiving any phasic input
from y-motoneurons. Fig.12 illustrates the’responsé of -one
such afferent during various. pafts of theurespiratory.cycle.

The is greater throughout:the cycle while the

modulation) does not seem to differ mGch in the intact as

*compared with the deefferented state. These.results could be

explained by a mixture of tonic levels of dynamic and

-~
~

static . y-r ~toneurons ififluencing the muscle spindle
th%ougbout tle respifatory cycle, but this would not agree
with the majority‘of our findings. A second possibility 1is

that the ruscle spindle is. largely %nder the influence of

“static y-moctoneiron input which terminates on bag2 fibers.

These static - motoneuron terminations are known to increase

the discharge rate of spindle primaries w1thout altering the

sensitivity (Boyd,_r1§86)._ The reason for the dominance- of
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FIG. 2.12 Mean rate and mddulation during 14 parts of the
respiratory cycle from a recording of an atypical muscle,
spindle. Details as in Fig, 2.7. Deefferentation led to a
decrease in the afferent's mean rate but had little effect

~on it's modulation (nof_included in summary Figs. 6 & 8).
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.e{fects from the terminals of bag2 static +y-motoneurons

could be a peculiarity of these -few spindles or due to

selective removal of other y-motoneur ' Auring the
isolation of the single muscle spi~ .es as descrui: in the
methods.

DISCU 510

Direct recordings frc y-motoneurons of interc stal

.nerves Ahave shown that tb -z are becth phosical’ and
tonically active units (Critc... & son Euler, 19¢€ sears,
1964; Chapter 3). We have made an a* emp A * ntifying
these 7—motoneuroneé as bgihg of the dy~ static types

\

by studying their effect%foﬁ the Tespons2 characteristics
of muscle spindle primary afferents. These afferents, for
tﬁe most part, could be divided ihto two classes according
fo their response properties. -Firstly,_ there were those

afferents vwhlch throughout the resplratory cycle displayed

‘the typlcal characterlstlcs of a muscle splndle under the

influence of a constant level of static 7-motonéuréﬁ
acfivity Secondly, thefe were musélééspindles which behaved
as if they were rece1v1ng phasically modulated act1v1ty from
dynamlc v- motoneugens which was usually superlmposéa‘ on a
steady level of static y-motoneuron activity,

The ~-motoneuron  discharge patterns paralleled the
differences in «x-motoneuron patterns. Areas of intercostal

muscle that did not show EMG activity related to respiration

appeared to receive only a tonic level of static &—

X
X
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related to respiration also receivedﬁhphasic' activity, of

]

dynamic y-motoneurons. The presence of phasically recruited

dynamic +y-motoneuron activity could be seen in these areas

at times when the respiratory drive was not sufficieni. to

activate the «-motoneurodns. Thjsgﬁcoincidés with the

p;eviously reported recruitment 'Eﬁreshbld of #ﬁlcally

'modu1ated y-motoneurons in -relation to o« — motoneurons

(Andérsen & Sears, 1970). The possibility of §- gotoneurons
LR

playlng a. role in altering the spindle respa@%e must be

con51dered Obv1ously, they were not 1nfluen£?hg the spindle

'q,?.f

‘activity in those“areas where EMG act1v1ty was not .seen, but

rec:&itment of dynamic ané static f-motoneurons could have
been recruited where =-motoneuron activityn&ég“present.

Both the function of the intercostal muscles and the
role of muscle spindles must be considered in explaining the
suggested discharge pattern of static Sgad dynamié Y-
motoneurons.E Certain segments}of the éxtéfnal intercostal

muscles act as synergists to the diaphragm during

inspiration. There 1is a rostrgfimdal and dorsoventral

" gradient of inspiratory activity 1n the external intercostal

muscles (Kirkwood & Sears, 1978; Greer, Stein & Martin,
1988). While these muscles are active it appears that the y-
motoneuron system is activated in such a way as to increase

the mean dischargé rate and sefsitivity of the muscle
* \.\ +

"~ spindle a ‘erents. This would be functionally advantageous

v

o

motoneuron « input. Areas studied that did show EMG activity”

i

kN
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¢onsidering the proposed importance of spindle afferent
input .in contributing to «-motoneuron activity during normal

~and obstructed movements (due to respiratory loading). Forvj
instance a deficit in muscle spindle activity in the /7

UR]

PR,
Y 3

intercostal muscles can produce lower overall motor wunit @ /o

‘discharge frequencies (Nathan & Sears, 1960; Sant'Ambrogia &} 
Wwiddicombe, 1965; Schwieler, 1968), a decfease in reflex?
compensation in the presehce of perturbations‘”(Sears' &
Newsom Dav}s, 1970) and, censequently, distortions of the
rib cagév during 1inspiration (Chernick, 1981). As well
evidence has been%put forth to SUQgest that the CNS sets the
muscle spindle . sensitivity high " during lengthening
‘contractions in_drder to maximize the reflex contribution to -
forcev‘productien (Loeb, _T985, ~ Taylor, Stein & Mufphy,
1985). Length measurements of the intercostal muscles have
demonstrated the presenée"bf such lengthening contraetions
in the external intereostals of ‘the thebmid—thoracic areas
(Greer, Stein & Martin, 1988). |

During expiration the-inSpiratbrYﬂ_a-motoneurons are
being aftively inhibited via a spinal netﬁe:k which receives
input from the respiratory center‘(Aminoff & Sears, 1971).
However, passive lengtﬁening of the external intercostal
muscle during expiration would result in excitation d%- the
«-motoneurons, from - spindie afferents. The proposed

predominance of static +y-motoneuron activity  during

expiration j would decrease the seﬁSitivity of the muscle .

13
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spindle primary afferents and therefore minimize this
counter-productive excitation. |
The reoruitmeht of the two types of y-motoneurons which
innervate inspiratory intercostal muscles during respiratioh
"and extensor muscles during locomotion is similar. Other
barallels can also be drawn between the two systems. In both
systems there are two ‘well defineé periods Qithinothe cycles
where differential control of the gain of a ségmental reflex
would seem advantageous. As well both"muscle groups
experience lengthening contractions and thereéore the
increased gain of the segmental Feflex that results from the
: phasicb activity of . dynamic\ y~motoneurons  would be
appropriate. ‘
\ A role in postural odjustments has also been proposed
for ;ho’intércostal muscies, Evidénce:for this proposition
is derived from EMG recaordings of cat respiratory“moscles ip
which the oaudal external intercostols.fllugtraté a. tonic
level of muscle activity in toe awake cat, a»ile thd rostral
sgctions show a combination of tonic and phasio activity
(Duron, 1973). Studies of tﬁ; relationship thoézn-the
intercostal muSCies and the cerebellum aiso support the
notion of a postural rcle. Firstly, stimuilation of the
anterior  lobe of the cerebellum results in selective
activation of the tonjcally firing 7;motoneuroné (Corda, von
‘"Euler & Lenno;strand, 19§§), which:we have identified as

being of the static - type. = Secondly, afferents from



67

intercostal muscles converée with those from limb muscles in
the. cerebellar cortex and this provides an anatomical Azgsis
for the, integration of kinesthetic information en which -
ﬁostutal adjustments can be made (Coffey, Godwin-Austen,
MacGillivray & §eers, 1971). Collectivelj; these 'reports
' suggest /thatb external interédstal muscles- and ‘thHe 7—.
motoneuron aeti;ity in the rostral spades serve both
respiratory and postural’ functions while ’thQSe situated
caudally are primarily postural. |

Our evtdence suggests that the ton1ta11y 'active &-
motoneurons ' associatedq with control of posture are -
~ predominantly of‘q the static type. Static +y-motoneuron
abtiVityl‘increases the activity of.’secondary afferents.
{ Therefore, ﬁnless the muscle shortens .very rapidly the |,
secondary muscle, spindle afferents would provide the CNS
“with contlnuous 1nformat10n regardlng intercostal hmuscle
ienéth Obv1ously, this 1nformat10n would beohelpful to the
CNS in the control of posture. )

Other ﬁﬂnctlons ‘have been probosed for the 'intercestal
muscles 1nclud1ng trunk rotation (DeTroyer, Kelly, Macklemh&
©. Zen, 1985), shiverihg»‘(Duren; 1971),' purring (airkwood,
Sears, .Stagg é Wegtéaagd,‘ 1987) and voca;ization in humans

‘(Dfaper,' Ladefoged & Whitteridge, 19604+ .Newsom-Dayis &
sears, ~1973). ‘These.fuhctions_woulﬁ in&oive'inputsgfrom.ha
. variety " of '.subtasginal centers onto 'both « ﬁand- v-
hotoneutohs. .Therefore, 'auring "theseﬂdiffeteht tasks the

>3
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relative balances between dynamic and static +y-motoneurons

]% |

L& .
could wel be altered from those reported in the present

study.

In summary, the two .types of 7—motoneur6ns, static and
dynamic, can be ;ctivated separately. As Qell, the balance
of ‘éctivity between the'th E;pes of 7-motoneurbns differs
depending on the location of the musclé_Spindles within the
muscle. These- regibnal differences can be explained in
terms of the function of the different areas of the .
intercéstal muscles. As well as these spatial differences
- . o
there are temporal modifications of y-motoneuron ’activ?ty
‘dpring’each breath. These differences can be intérpreﬁed@as
an attempt by the CNS to adjust the'segmental»reflex'gain to
a level thch is appropriate for that particular phase of
the respiratory cycle. The recrbitment pattérn of the two
t¥pes of y-motoneurons duringArespiratfon is Similaf to that
repofted for the hindlimb extensors during ‘lécomotion, but
disagrees Qith that reported for jaw mdveménts*Aduring'
chewiné; The reasons for the apparent differenéés in éontrol'
straéegies used by the CNS in different cyclic' movements

E )

remain to be explained.
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CHAPTER THREE

'PATTERNS OF GAMMA MOTONEURON ACTIVITY IN THE

EXTERNAL INTERCOSTAL MUSCLES OF THE CAT DURING RESPIRATION

Mﬁsqle spihdles are unique amongst mammalian
proprioceptors in so far as their sensitivity can -be
direc£ly co;frolled 'by the central nervous system. This-
control isA conveyed by the activity-of gamma m6toneuron§
which innervate the intrafusal fibers/of muscle 'spingles.
The effects the two'types of gamma motoneurons, dynamféfghd
."static, have on the properties of muscle afferents are weli
documented (Matthews & Stein, \969; Hulligef, Matthews &
Noth; 1 1977). H;weve;, little is known regarding how the CNS
recruits gamma motoneurons to facilitate motor control.

Recordings of gamma motoneurons during normal- behavior have

proved‘.ﬁgfficult due to the smald size of these neurons,

w

Furthermore, dynamic and static gamma motoneurons have
« Similar conduction velocities and ranges of discharge

frequencies, making it impossible to differentiate between

LN

them based on these criteria (Huiliger, 1984). Therefore,

the approach often taken is to record the activity of muscle

spindle afferents during a natural movement and then to
deduce the type and pattern of .gamma motoneuron activity.
~%hich is influencing the spindle behavior {Larson, Smith &

15 chapter has begen
in Research for

"

ser, O, and Stein R.B.

Csubmitye
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Luschei, 1981; Gottlieb & Taylor, 1983; Prochazka, Hulliger,
Zangger & Appenteng, 1985; Taylor, Stein & Murphy, 1985)

Previously, this strategy has been applied to discern the

(Y
activity of gamma motoneurons during respiration.in the cat

(Greer & Stein, 1986) . We th@vé now extended this
investigation by directly recording from gamma motoneurons
in the external intercostal muscles of :sponfaneously
breathing cats.

Earlier reports from reéordihgs of gamma motoneurons
innervating intercostél muscles have 1illustrated the
bresénce of tonically and phasically active wunits (Sears,
1964; Eklund, von Euler & Rutkowski, 1964). Thé fesponse of
muscle $pindle afferents suggests tonically firing units are
predominantly of the static type, while the majority of
dynamic gamma mofonéurons discharge with a fespiratory

¢

rhythm (Greer & Stein, 1986). In cdntrast to the earlier
recordings, however, the stﬁd}ldf muscle spindie responses
suggests‘ the discharge patterns of gamma motoneurons are
different withinAdiscf;té areas of ﬁhe intercostal muécles.
Direct recordings ogggémma motoneurons have now confirmed
that these regiénal specializations are present.
Furtpermqré,- theré'is a cérrelatiQn between the pattérns of

gamma motoneuron activity and ‘the previously reported

compartmenta)izatiog@gpf the EMG activity and motor wunit

 vproperties_9£ound in external intercostal muscles (Greer, .
7 .7 :

" ‘Martin & Stein, 1988).

‘o
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METHODS

Pl

Experiments were performed on 5 cats which were

initially anesthetized with sodium pentobarbital (20 mg/kg)

and maintained on Halothane (delivered in a mixture of 95%

O2 and 5% COZ)‘ Cannulae were inserted into the trachea,
carotid artery (for monitoring blood pressure), and external
jugular vein (for administration of Dextran).

W1th the animals p051tloned on their side, the externay

*

- intercostal muscles were exposed, and a muscle pool

containing warm (37°C) paraffin oil was formed. The timing

and depth of respiration was monitored by recording the

‘diaphragmdtic EMG with sﬁFlnless steel electrodes. = Fine

branches @i the external 1ntercostal nerves .were cut
dlstally aﬁd llfted ontn silver bipolar ‘electrodes. Gamma

and alpha mbtoneurons were differentiated by the amplitude

of their spikes and discharge frequencies. The small spikes

have been préé@@usly classified asngamma motoneurons based

on several critéﬁia-vconduction velocity, seléétive blocking

with lldoca1ne, and dlscharge frequency (Sears,_1964- Eklund

;‘

et al, 1964). In agreemenr 31th these prev1ous f1nd1ngs, the
amplltude of the large 991kes was 3- 4 times Agreater than
that of the smaller units 1n* ng recqrd1ngs\ The meah
discharge freguencies, averaged over 20-50 breaths,‘ ranged
from approxlmaraly 15-45 1impulses per second for ga@ma

motonerwTans and 3-12 impulses per second for alpha
O )

/
/
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motoneurcns.

. The neural recordings were passed through a window
discriminator (Bak Electronics,. Md.) which allowed for the
separation of efferent units based on the size and shape of
recorded signals. Each selected spike then triggered a
standard pulse which was led to a PDP-11 compuﬁer albng with
the rectified and iAtegrated diaphragmatic EMG. Histograms
of thé efferent 5 average discharge rate with respect to the
timing of the respiratory cycle were generated (avéraged,
over 20-30 breaths). |

A spectral analysis of the discharge frequency of the
efferent'svwaé.also performed. We were interested in knbwing
if the high frequency oscillation (HFO), of approximately 88
Hz, which has been seen in the activity of other neurons
asséciatédeith respiration, was ‘evident in oPr recordings
(Feldman, ' 1986). Its presence in the diécharg;\frequency of
a selective pépulation of gamma motoneurons-might h5ve been
indicative  of /a discrete inpuﬁ from the -brainstem

respiratory center. However, the spectral analysis did not

-reveal any evidence for the presence of HFO in the activity

cf the alpha .or gamma motoneurohs ‘studied. The only
frequency components seen in the activity of the efferents
was related to either the average frequency at which  the

h
neurons tended to fire, or . the frequency o>f the respiratory

“

cycle. Perhaps further investigation in diffé?ent
_ : \ o

preparations is necessary, as past studies ¢f HFQO have shown

¥



that it is rather labile and often dépressed by anesthesia
(Feldman, 1986). ;
RESULTS ki

There were two basié types of gamma motoneuron éctivity
in the ekternai intercostals: tonic and phasic. TﬁZEe was a
relationship between the firing patterns = of ganfma
motoneurons and the presence of respiratory EMG activity.
The area§ of the external inteféoétals which afe recruited
during fﬁnspiration‘in the anesthetized cat are; illustrated
in Fig. 3.1. A . éimilar pattern has been observed in a
variety of mammalian species and preparations. In tpe caudal
and ventral afeas~of the external intércostal muscles, where
respiratory EMG activity i§ seldom seen, only tonicalle\
firihg gamma.motoneurons.yefe'found (5 units; Fig. 3.2). In
contrast, 1in the areas of external intercostal‘-muscles
thgh are reéruit:g during inspir;tion, ‘units with large
amplitude ¢ spikes (alpha motoneurons) and a population of
"smaller amplitude spikes (gamma motogeurons) were observed.
Selective. Eriggering of the various units/ illusprates- the

presence of phasicélly modulated alpha and gamma motoneurons

as gamma motoneurons which fire tonically

S

{8 units) as well

(9 units)-throgghoﬁi_the respiratory cycle (Fig. 3.3).

-

.DISCUSSION
The earlier studies of gamma motoneuron activity in the

inteccostal musclec were not designed to investigate

-
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INSPIRATORY{EMG - ACTIVITY IN EXTERNALS

"DORSAL - \

VENTRAL

1

FIG. 3.1 Illustration of the location where EMG activity
related to. the respiratory cycle is found in the external
intercostals of anesthetized cats (shaded areas). Thesg
areas received bothstohicgl}y and phasically active gamma
‘motoneurons. The motor units in thé remadning areas were
typically silent and were inmervated by tonically active
gamma motoneurons., - . - :
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FIG. 3.2 Histogram of the average activity of the gamma
motoneurons (lower trace) in the areas of the intercostal
muscles which were not recruited during inspiration
(§veraged over 20-50 breaths) 'with respect to the
diaphragmati¢ EMG (upper trace). ’ ’

‘
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FIG. 3.3 Histograms of the average activity of several alpha
motoneurons (second trace), and individual phasically (third
trace) and tonically recruited (fourth trace) gamma
motoneurons with respect to the diaphragmatic EMG (first
trace) in those areas of the intercostal muscles which were

active during inspiration.
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regional differencegifd discha;ze patterns. ~Recordings‘were

ots or fine filament; in the

either made from whole dorsal 00

proximal regions of mid-thoracic spaces (Sears, 1964; Eklund

et al, 1964). Both of these populations of ngrves would have

contained tonically and phasically active units, ‘Only Sy

. . A . .
recording, as in the present study, frem selective branches
( . : ™

of the external intercostal nerve from %reas of the ribcage

which are, not recruited during respiration do regional

differences in gamma motoneuron recruitment became apparent.

. In summary, there are two patterns of gamma motoneuron

activity 1in fhe external intercostal muscles of the cat
-

during respiration. Tonically active units, which’we have

previously characterized as being predominantly static gamma

motoneurons, are found throughout the rib cage. Those areas

of the external intercostals which are reqgularly recruited

during inspiration also receiyve input from.phasically active
i,

gamma motoneurons, which are thought to be lawgely composed‘

of the dynamic type. . | ] ‘ )

N\

A
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R £ CHAPTER FOUR '
4
!‘

LENGTH CHANGES OF INTERCOSTAL MUSCLES*DURING

“a
3

RESPIRATION IN THE CAT

e K

; . 4
Traditionally’, the parasternal and external intercostal

muscles have been thought to actively shorten during

inspiration, . drawing the 1lower rib of each space in an.

outward and cephalad direction. The ‘reéruiﬁment of the

internal intercostal muscles has been associated with

‘expiration (Campbell, _Agoé%oni"& Newsom Davis,  1370).

.7 A

However, there has been considerable”disagreemenﬁ over the

years about the functlon and mechanlsms of action. of the

s

,intercostal muscles (Derenne, Macklem & Roussos 1970;

,-

DeTroyer,ﬂ‘Kelly, Macklem & Zin, 1985) . The .matter. has

'been\ further compllcated by ‘the realization that the

intercostals are not a homogeneous group of muscles,

Several studies of "EMG act1v1ty in the 1ntercostals, both in

man (Taylor,' 1960 ~Newsom Dav1s & Sears, 1970) and anir ls

(Duron, 1973 DeTroyer & Ninane, 1986; Greer,. Martin &

¥
Stein, 1988), have 1llustrated that muscle activity related

to the resplratOry cycle is limited to certaln areas of the .

rib cage.~n\Reglona1 .differences _in the muscle £1ber

propertfes\ (Greer ‘et al, 1988), dispéipution of"muscle

LS ~
spindles (Duron,  1973), and the recruitment patterns of
, 1" ‘
. i . t
T..A ‘version of this chapter has been submitted
to Respiration Physiology; Ggng, J. J. and
Ste1n R.B. ¥
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gamma motoneurons (Greer & Stein, 1986) have, alsg‘ been
;eported. ‘We have now measured the régiqﬁal‘d&ffgrééces in
the length changeé of the intercostal muscles. <The

relevance of these results to the understanding éf rib ‘cage
: i

~mechanics_ ~ will be discussed. We will also use this

"information tos offer an explanation for the previously -

suggested role of the muscle spindle system (Greer & Stein;
1986) . ' _ | ' Lo

_Previoué'measurementé éf the length changes ;f externai
intﬁrcostal muscles during respiration have been limited to
selected areas of ghe rib cage. The length excursioné of cat
intercostal muscles were initially measured using strain?;
gauge myobfaphs fastened to adjaceht ribs (von Euler &
Peretti, 1966; Andersson; Lennerstrand & Thoden, 1968).
Both of these groups reported a 10-20% shortéening of, the

mid-thoracic  intercostal spaces. Recent reports from

sonomicrometric measurements in the dog suggest that muscle

fibers in .these spaces actually lengthen and any active

Shortening .during »ihépiration is limited to the j'rost:’ral
areas of thé rib cage. (Decramer, Kelly & g;frbyer, 1985).
Fitting, Easton & G;assinov (1986) couldu not - find &
consistenﬁ pattern of EMG activity and length changeg in the-
limited ’humber‘ of intercostal spaces they measured in the’
ddg. The‘fact that parasternal muscles actively shd;ten hés
beeﬁ demonsprgted 'in a number “of sthdieé on -the dog

(Decramer et él, 1985; Van Lunteren & Cherniack, 1986,



. Fitting et al, 1986). | (

)Ih this study sonomicrométr; Qas used to’meésure the
length changes of all the intercostal muscles throughout the
rib cage in the spohtaneousiy breathingrcat. Sonomicrometry
was chosen for two reasons. Firstly,) it gives a direct
measure of ‘the muscle fiber length, similar to -that
experienced. by the muscle spinales. To simply measure the
distance. between the two ribs ddring- respiration neglects
the independent‘ léngth pertdrbations the muscle fibe-s

experience due to the perpendicular forces arising from

intrathoracic pressure changes. Secondly, with the use of

sonomicrometry there is little or no mechanical impsdancz of

the normal length changes expe;ienced by the muscle iuring
respiration.

METHODS

/

Experiments were ,‘performéd on 12 spontaneously

breathing adult cats of either sex. 'The‘cats_were initially

anesthetized ' with sodium pentobarbital (20mg/kg) and .

maintained . on Halothane anesthesia (delivered in a mixture
of 95% 0, and 5% C02). Cannulae were inserted into the
trachea, carotid artery (fdr.monitor;ﬁg blood pressure), and
external ju;ular‘veih (for administration of Dextran). The
animals were placed in-either a supine posit{on or on their
side,' depending on which muscles_ﬁere being studied. ‘The

intercostal muscles were exposed and a muscle pool

containing warm (37°C) paraffin 0il was formed.
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EMG . Recorddngs. Diapﬁragmatic EMG was' 'reqqrded with
stainless‘ steel electrodes thch were inserted into the
caudal surface of the mdgETa\Y{a an incision along the liﬂgé"
alba. Selective recordings ofWhotor unit’ potentials ‘were:
made - with bipolar needlé,glectrodes. The electrpdes were
posifion@d between the piezoelectric crystals_;hich made it

possiglé to monitor motor unit activity and length changes

in the same area of muscle.

\
N

Length Measurements. Measurements of the length chanées of
the »intercostai' muscles were made with a four channel
sonomicrbmepef (model 120, Triton Technology, San Diego,
CA). The sonomicrometer measures thé transit time of
ultrasound between two transducers (fabricaﬁed.froﬁ plates.
"of ferro-electric céramic)_whichiare arranged to face eéch

A\

othiivjin alignment with the pennation of the mustie ‘fibers
s

(Fig.:— 4.1). The transducers were posit.oned 3-8 mmvapanz on

the surface of the intercostal muscle and the initial
distance betWeen.;hem was measured at the engd of expirati@n
(defined as LR). The resolution of the sonomicrometer was

approximately +/-0.04 mmr—

Analysis. The motor unit activity and length changes of a
given area of intercostal muscle were averaged over a number
of respjraéory cycles (typically 20-50 breaths). The

diaphragmatic’ EMG was rectified and low pass filtsmad with a
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FIG. '4.1. Diagram of preparation for sonomicrometric
measuring of length changes of intercostal muscles.
Piezoelectric crystals (2 mm diameter) were positioned
‘'facing each other in alignment with the pennation of muscle
fibers. The crystal which acts as the trahsmitter resonates
at 1543 Hz in response ta a 150 volt pulse of 10 nsec
duration. The sound waves radiate at a +/- 30 degree angle
from the concave surface of the transmitting crystal and are
intercepted by the second crystal. The changes in length of
intercostal muscle during the respiratory cycle 1is
determined by measuring the transit time between the pair of
crystals. . : _ -
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third %mder Paynter filter (30 Hz) and RC filter 4(50 Hz),.
The ﬁgigered EMG waS'used'tQ activate a Schmitt trigger
whicﬁ genérated a marker for the respiratory éycle. :Single
motor unit potentials were isolated frqm’éhe ﬁotorv unit
recordihgs with a windoQ digcriminatbr (Bak Eleqtroﬁics,
Md.);'.vThe _ staﬁdardv pulse genéra@ed from the . window
‘discriminator, the analog signal from the sonom{éfometer and

€ . : )
‘the marker for the respiratory cycle were then led ‘to the

" computer (PDP 11) for averaging.

- RESULTS

<

The . length changes of the intercostalxmuscies occur as

a result of forces generated within the active muscle and
& .

those imposed from the surrounaing ,struétures. %rom. our
measuremehts .of muscle length “and EMé activiﬁy ’it was
péssible to infer somefhing about the forces,act}ng on an.
intercostal’ spaqe‘at-any given time. = The resuits of these
‘measurements of the internal, parasternal and external

intercostals will bé discussed in turn.
i:./‘ [

Internal-?ln;ercosfazs. In our preparation the internalﬁ
intercostal muscles of the caudal spaées were occaéionallg
active during expiration. An example Qf the‘ motor unit
activity and length chénges of one such space is illustrated |

}
in Fig. 4.2. The shortening ©f the caudal spaces which

~.

Bl

occurs when the diaphragm relaxes is. assisted bv che force = »

i
e

‘produced upon’ recruitment of the internal intercostal musc.=
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FIG. 4.2. Averages of diaphragmatic EMG (tdp trace), length
change (middle trace) and motor unit discharge frequency
(bottom trace) of internal intercostal muscles from a
"caudally 1located space (typically averaged over 20-50
breaths). The internal intercostals of the lower rib cage
were occasionally recruited during expi:ation,'producing
'shortening forces within these spaces.
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%

»

during expiration. However, 1internal intercostals 'were
‘generally inactive and their length excursions therefore"

passively followed those of the external intercostals.

Parasternal muscles: . The parasternal muscles adti&ely
shortened duringk inépiration (2.2 - 9.6%; meén' 5.5%). A
further investigation of‘these muscles was not ‘undertakeﬁ,
since as menfioned ip the Introduction, - ;he‘action of ° ﬁhe

parasternals has been: thoroughly studied and-“described

previously.

External Iﬁtercostals..The EMG activity and length changes
'7fof ‘the external intercostals varied in different areas 'éf
the rib cage. ‘There were prominent levels of external
14iﬁtercdstal éctivity'in the rostral ébaces which resulted in
"a Shortening'of ﬁhe muscles ffEérs'during ihséi;ation (A-ﬁf
9.5%). The velocity of shorﬁening in this area ranged from
‘2;9: to,‘12.4% LR/séc wi;h a mean of 6.9% (LR  = 'leﬁgth of
muscle fiber at the end of expiration). A typical response
of an external infercostal from this area of the rib'cage is
illustrated in Fig.~ 4Z§A{ The motor units were recruited in
phase with the diaphragmatic'aétivity during inspiration.
‘The fofces. generated‘by the activity withinbthese muscles

was  sufficient to produce shortening of the  rostral

fnte:cqstal spaces. , : Lo <\h/)
~The external intercostal muscle fibers in ¢t € mid-

thoracic spaces illustrated a more varied response. In some
. L .
- .
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FIG. 4.3. Averages of dlaphragmatuc EMG, length change and
dlscharge rate of motor units from external intercostal
muscle from rostral (space2; A) and mid-thoracic (space 7;
B) spaces Same format as Fig. 4.2. External lntercostals in
rostral spaces. con51stently illustrated E. act1v1ty in
‘'phase with inspiration, -produc1ng sufficient ‘force to
shorten the muscle fibers. The external 1ntercostals of the
mid- -thoracic spaces also actively shortened on occasion, but
as illustrated in (B), they often lengtHened in spite - of the
force produced by the motor unit activity. :

! . I ~
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ih?tances the muscle activity produced sufficien£ force to
shoften the interé&stal spacev(0,7r3%).' It wés also common,
. however, to_ 5ee"hP§ mUSCl? fiberslof thesé ‘midfthoracié
spaces lengthen when active (0.4-5.0%). An example of\SQCh a
rgéording is illustrated ih”FigL-4;3B. Cléarly; iﬁ.tﬁis éase
‘the forceé generated by the surrounaiﬁgv étr@gfutes were
greater than those producéd by/gae interco$£$l 'aQsdié>;of‘
“that sbace. R
" The muscle of the external iﬂtercost,-: » t=2d in the
five most caudal spaces were not ;ctive i Dteparétion.
The ‘majority of the muscles in thesé'spaces were passizely
lengthening (0.5-3.3%). However, all meésurements‘pﬁ space
nine and one from spacé ten showéd - the muscle- paésively
.shortening (2.9-6.0%) as these particular ihtercostal'spaces
“collapsed fwhen the diaphragm, which inserts othhg lower .
ribs, contracted. ”‘ |
A compilation of the data derived “from length
measurements and ' EMG recordiSQS‘of the Qériods external
dntercoéﬁal spaces ié‘illustrated'in-Fig. 4.4. The EMG
activity rélated fo the respiratory cycle was limited to <he
rostral-portioﬁ of the extérnal intercoéta14 mus;les} There
is also a genéral trend evident i; this fiéure which
»———m—éuggests- a lengthenlng force is actlng from theé caudal axis
of the rib cage, whlle a shortenlng force is produced by the:

~ceontracting muscle. To gain further in51gb into. how these

. antagonistic forces interabt we have measured the"length
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FIG. 4,4. Compllatlon of’ the~results from length
measurements. of external 1ntercosta1 muscles in spaces 1
through 12. Shortenlng (-ve) ‘and lengthening (+ve) of muscle
fibers were calculated as a percentage -of the musclé length
at the end.of expiration (LR). The presence (A) or absence
(/\) of phasic EMG act1v1ty duriing lnsplratlon was. also .
measured. Depending on the locagkin within bhe rib cage,

intercostal muscles shdwed one of the followlng shortenlnq»ff’“'V

.contractions, lengthening contractions, passive shortening'”
or pa551ve lengthenlng See text for ﬁetails.
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changes of the intercostal muscles under a variety of

conditions.
Rl

Increased réspiratory drive. The level of respiratory drive

was determined by changes n the activity of the diaphragm.

ﬂns the level of anestheeiaﬁwas_adjusted, utheiampIitude“yand‘
periodicity of the diaphragmatic EMG signal changed. ﬁ@g.f

4.5 . 1llustqates the diaphragmatic EMG and 'motor ‘umfu\

- %ﬁﬁ
recordlngs from the external 1ntercostal muscle durlng \two

J}levels ‘of»anesthe51a When the anesthe51a was lowered to a
. ‘level where the cat demonstrated tone 1n the hlndllmbs the
amplltude of act1v1ty in the resplratory muscles 1ncreased
as did the frequency of breathlng, Typically; there was both
Tan 1ntrease 1n the dlscharge rate of prev10usly act1ve motor

CE : .
untts and ‘a recru1tment of hlgher threshold un1ts ’in;-the

intercostal muscles.

<

The response of an external intercostal muscle from a.

e

rostral spaCei to an &increased respiratorny drive is
illustratéd in Fig" 4.5A, The increase‘in activityvof the
intercostal muscle was sufficient to produce a greater fone
on the ad]acent ribs resulting in an 1ncreased shortenlng of

the '1ntercostal space. Naturally, - as the? level -bf

respiratory drive- fncreased the activity denerated by the

a

diaphiagm and surrounding muscles also 1ncreased As

1llustrated ea-lier when these forces are greater than those

w1ll occur. Ln the. case of augmented resplratory drlve the

o

¢

A

.f%fproduced by e 11tercostal muscle lengthening of the space~i"
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FIG. 4.5. Responses of external intercostal muscles which
were actively shortening (A) and lengthening (B) during
normal “(solid line) anhd increased respiratory drive (dotted
line). Same format as in Fig. 4.2.*The increased respiratory
drive accentuated the respective shortening and lengthening
of the muscle fibers.
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discrepancy between the two forces is {increased, resulting
in further lengthening of the intercostal space during
inspiration as shown ‘in Fig. 4.5B.

In- summary, increases in respirato;z/drive result in

A

_overall 1increases 1in inspiratory muscle activity. The. ' '’

4

imbalances between the shortening .and lengthening forces are

subsequently exaggerated.

. s » _
fﬂgqfects of Deefferentation. Further evidence .for- the

N

lengthening forces imposed on the mid-thoracic spaces was

obtained. by deefferenting. the external-. intercostal muscle

" (Figqg. _4.6),u7When the muscle is rendered inactive the
lerngthening of the muscle by the remaining unopposed forces’

is increased.
’ EAY

Occlusion of trachea. 'Cdmp;ete occlusion of the trachea.

resulted in-anincrease in the duration of ‘inspiration as

illustrated in Fig. 4.7. The activation levels’ 6f thé'motdr

?

units in the diaphragm and external intercostal muscles also
increased. fhe inte;eostal muscles which; prior™ to.
'oeclusion of the trachea; had shortened continue to do so
when airflow is prevented, although to a lesser Jegree (Fig.
-4 ,7A) . In cqntrast, the length excursions of the external
intercostal muscles which lengthened during inspiration
actually . ig;reased when the trachea was occluded (Fig.

f4.7B). Presumably, during tracheal occlusion the combination

of muscle "shortening and 1lengthening of the various

\
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FIG. 4.6. Illustration of the response of deefferenting an
external intercostal muscle which was actively lengthening.
Same format as Fig. 4.2. Removal of the shortening forces
produced by the intercostal muscle activity leads to a
further lengthenlng of the muscle fibers (dotted line).

-
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FIG. 4.7. Effects of total occlusion of the trachea (dotfed
line) on actively shortening (A) and lengthening (B)
external intercostals. Same format as Fig. 4.2 (average of 8
breaths) There is a prolongation of the inspiratory period
and d‘ scharge rate of resplratory muscles. The muscle fibers
which were ghortening prior to occlusion continued to do so,
although to a lesser degree. The length excursions of the

mid-thoracic spaces actually increased when the trachea was -
occluded.
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respiratory muscles merely results in a distortion of the
rib cage without a significant increase in intrathoracic

volume (Van Lunteren & Cherniack, 1986).

DISCUSSION | |

~ Distribution of length chaﬁgés. Clearly, the lergth chanées
'.of thé.external in;ercostal muscles {vary throughout the rib
‘cage; This vabiébilitylgeemg Eo.originate gfdm two sources,
Eirstly, differing levels of force are being generated by
the intercostal muscles in diffegent ar%as of the rib cage.
The force produced by a given inte;céstal muscle is
defetmined"by.éeveral factors: deéreé'and-distribu;ion ‘oj'
motor . unit recruitment, motor dnit properties, cross-

sectional area of muscle fibers, precence of shortening or
. F.‘ N . ) . .

lengthening contractions, length of muscle fibers in
. ' ! E ’

ri}ation to L (lengtp”at which 6ptimumtforce_is prodhced)
and the velocity of'shbrtehing.‘ These chéracteristicg vafg
néé-at all consistent throughout the rib cage. Furtﬁermore;
the forces produced in adjacent intercostal muécies will
interact with those produced within a givenAspace.

Secondly, there are forces generated from outside the

intercostal muscle group which affect the muscle's length.

The largest peripheral force observed in these experiments

was generated at the caudal axis of the rib cage, presumably
by the diaphragm. The costal diaphragm has been showﬁ to
expand the lower rib cage during inspirafion (Eisele,
Trenchard, Burki & Gué, 1968). The degree to which' this

\
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5

)

lengthening force affects the external intercostals 1is+ a
function of the muscle's proximity to the caudal axis of the
rib cage. The 1intercostal muscles of the. rostral spaces
, proauce sufficient muscle force, and are far enoughtremozgd
from the diaphraém, to céntinue to shorten during
inspiration, Thé intéféostql muscles in the mid-thoracic

spaces, which also show inspiratory activity, either shorten

or lengthen depending on the particular balance of férces‘

acting on them at a given time. For these‘spaces to shorten

.the force produced by the muscle activity will have to be
sufficient to over{ome the rostrally directed pull from the

intercostal muscles above, andjfhe caudally directed pull

\ ' }
from the diaphragm below. The external intercostals of the -
- 7/ } - b4 . \‘

‘caudal spaces are typically inactive, - leaving the forces
produced by the diaphragm as the major determinant of their

length changes during respifation.

Considering fhé compiex}ty and variability in the force
production of 1intercostal muscles, the discrepancies
apparent in previous répogts of the length changes are not
‘surprising. However,’ when the len;th chaqges of all the

, . . _ ,
intercostal spaces are considered together, <certain trends

-~

" are apparent. The external intercostal muscles of the

rostral spaces '@nd the parasternals, as the traditiohal

s -~
theory implies, do actively shorten during inspiration and

function to expand the upper poftion of the rib cage. The.

importance of ~this activity, and that of the external
) \ ) B

¥
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intercostals of the‘mid—thoracic spaces, to respiration
becomes apparent when observing the rib cage movements when
these musclés‘ are silent. During inspiration the caudal
section of the rib cage expands as norméi but the upper
portion of thevriﬁ'cage collapses, théreby limiting; the
increase in intrathoracic volume (Eisele et al, 1968} Knill,
Andrews, Bryan & Bryan,. 1976). The lack of EMG activity
‘related to ;he respiratory cycle in the  caudal external
‘intercostals has been reported in a variety of preparations
(Taylor;‘ 1960; DeTroyer & Ninane,..1986).-‘The costal
diaphragm inserts along the underside of these ?ibs and %ts
activity alone is sufficient to expand tHE-loWer portion of
the rib cage. o
The absolute valﬁés of the length excursions reported
in this stu - likely.diffe; from those which would be found
in the intact, unanesthetized animal. However, considering
that the fecruitment patterns and kinematiés of respiratory
muscles 1in anesthetized preparations approxiﬁate# ‘that of
avé#;‘ animals; the trends are likely to be similar (Duron,
1973; Da Silva, Sayers, Séars'& Stagg, 1957), Furthermore,
qﬁantitative, but not gualitative differenceglwere observed
when respiratdry drivé waé increased.
\ / -/ :
Length changes during tracheal occlusion. It has been

suggested that the length changes of respiratory muscles -

would /‘be minimal during static conhtractions (WHitelaw,
. / 4
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Derenhe o Milic-Emﬁli, 1975). HoweveT; length measurements
of the diaphragm end parasternal muéclee during closure of
the trachea have shown that while these muscle shorten to a
lesser degree, tﬁey do not contractfisometricaily'(Newman et
al{ 1984 ; Fitting»et ai, 1986; Van Lun:ceren & Cherniack,
1986). We have shown a s&milar'response for the .external
intercostal muscles of the rostral areas of the rib cage.
The shortening - of diaphragm, parasternal and' exeernal
intercostal - mqscles on theLr.ownfwould act to increase' the
’int:athoracie" volume,x whieh clearly does not ehahgef
significantly . in the"absenee of airflow. A poseiblef
explanation for this appafént,coﬁteadictioﬁfis that the rib .
cage _ié éimply distorting ratﬁer than expanding when “the
‘trachea ’is‘ocCludedh(Van Lunteren &‘éhernieck, J986).‘;Our
measurements of the ekternal‘intercostal muécles'-iliUStrate
thaf a significentbamount of this:distortion ismtaking'place
in the mid-thoracic spaces which lengthen considerably more

than normal when the trachea is’ occluded

Relationship’ between 1length changes and muscle spindle
activity, Given tﬁe information ‘regarding the length changes
of the intercostal muscles, 1t is possible to suggest\Aan
explanation for the recruitment of gamma motoneuronsldurimg
respiration. The importance of segmental reflex a:t}xatienw
of external intercostal alpha' motoneurdns froﬁ | m_scle
Spindle primeries during resplnatlon has been clearly

-

demonstrated. vDeprivetion of afferent feedback results in a
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decrease in ‘the discharge rahe oﬁr moror unit activity

(Seht'Ambrogia g widdr¢ombe, 1965) ahd a deficien@y in the

muscle's ability.to compensate for‘increased>loading {Corda,

Eklund &. Euler, 1965; 'Sears & Newsom Davis, 1970).
Lennerstrand (1968) has shown ‘ iat rwuscle spinales, in the
absence of gamma motoneuron activity, can be unloaded with
contractions of‘extrafusal fibers at velocities greater than

1% LR/sec5 Censideringbthe.range of shorteniné* velocities
“reperted'here.12.9—12.4% LR/§ec5, mnée%ee spindles deprived.
of gémma motoneuron input WOnld> be _'unlOaded dur1ng
Mlnsplratlon and the 1mportant reflex éﬂtlvatlon of the .alpha
motoneurons would be absent. . HoweVer 'thev‘interCOStal

‘_muscles recelve a ton1c 1nput from statlc gamma motoneurons

(Greer & Stein; 1986) which are known [ “increase ithe R

act1v1ty dé' both prlmary end secondary muscle splndle
afferents (Lennerstrand, 1968). 1In reviewing the discharge
properties of mhécle‘spindles from a variety of systems,
Prochazka (1979)calculated that the ‘gamma motoneuron ‘system
will compensate for unloadlng effects of extrafusa] ﬁibers
contractlng at rates ~f less than 20% L /sec. Therefore,'
muscle splndle afferents in the 1ntercostals, when under the'.

influence of gamma motoneuron act1v1ty, will continue 'ro

relay . information to the central_nervqus system during  the . . .

respiratory czg}e.
In addition ‘to preventlng the’ 'UHiéeaing of 'muscle

spindles, gamma motoneurons_ can ~alter the gain ~of the-

-
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segmental reflex. During inspiration the sensitivity of the
spindle afferents in the active muscles is heightened by
the added reéruitment of dyn;ﬁic gamma motoneurons (Greer &
‘Stein, 1986); Therefore, any perturbations-which tend to
coﬁnteract the shortening of the' muscle fibefs during
inspiration (e;g. }ncreaéed airway resistance, decrease in
chest wall compliance, distorting forces from surrounding
st uctures) will result in ; barrage of signals from muscle
spindle afferents to the alpha motoneurons of that muscle. -
The subsequént increase in motor unit activity will serve to

- counteract the ~antagonistic forces, thereby ensuring the

desired length change is approached.
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CHAPTER FIVE

DISTRIBUTION OF MUSCLE FIBER TYPES AND EMG ACTIVITY

IN THE CAT INTERCOSTAL MUSCLES

The intercostal muscles are primarily thought of as
respiratory muscles. Several studies of EMG activity have
shown the parasternal and external intercostal muscles are
generally recruited dﬁring inspiration, while the internal
intercostals are active during expiration (Newsom Davis &
Sears, 1970; Duron, 1973; DeTroyer & Ninane, 1986). Howeeer,
these recordings also illustrate the variability in the
levels and patterns of intercostal muscle -activity in
different areas of the rib cage. To further cheracterize
the;e- regiocnal differences, we have recorded the activity
of motor units from the parasternal, external and internal
1ntercostal muscles of anes.netized cats. In agreement with
similar studies on different preparations and spec1es, EMG
activity related to the respiratory cycle 1s restrlcted to
specific areas of the rib cage. Pre5umably,' those muscles
which are not‘recruited during eespiration play a role¥ in
one of the other funetions proposed for the iQ;ercpstals,
which include: postural adjustments (Duron, ‘1573), trunk
rotation (DeTroyer, Kelly, Macklem & Zen, 1985) shivering

1. A version of this chapter has been

submitted to Journal of Applied Phy51ology
for publication; Greer, J. and Martin, T.
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(Duron and Caillol, 1971), wvocalization (Newsom Dévis &
Sears, 1970) and purring (Kirkwood, Sears, Stagg &
Westgaard, 1987).

" The ?egional differences Eound in the intercostals are
not limited to the EMG patterns. Duron (1973) has shown
differences in the density 6f muscle spindles throughout the
rib cage, which he interbrets.as reflectiné functional
specialization. Furthermore, the response characteristics of
muscle sp;gdles in the intercostals are variable due to,
regional dispa;ities in the recruitment patterns of dynamic
ahd static gamma motoneuréns (Greer & Stein,‘ 1986). Thé
spatial organization of thgﬂintercbétal motoéeuron.pools are
also indicative of regional specializations within tﬂe
intercostal muscles (Hardman & Brown, 1985). ‘ |

We. héve‘ now studied the histochemical profile of £he
intercostal muscles in different areas of the rib .cage to
determine if the apparent functional heterogeneity is
reflected in the muscle’fiber properties. This might be
expected, considering the correlation between the motor unit
properties and activatiqn- paéterﬁ§. of mammalian muscle
(Buchthgl & Schmalbruch, f980; Burke, 1981; Gorniak,.1986).
Previous studies of the mechanical and histochemical
properties of\ intercostal muscles from both animals
(Andersen & Sears, 1964; Maxwell, McCarther, Kuehl &

‘Robotham, 1983; Ogata & Yamasaki, 1985) and man (Sanchez,

Derenne, Debesse, Rique® & Monod, 1982) have demonstrated
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the presence of the three basic classes of muscle fiber
type: slow, .oxidative (SO); fast, oxidative, glycolytic
(FOG); and fast, glycolytic (FG). In each study, however, .
only small samples of intercostal muscle from discrete
regions Qf the rib cage were cbnsidered. We will show that
the distribution of the different muscle fiber types is
significantly different tﬁroughout ‘the rib cage. In
addition, there 1i1s a ;orrelation between the recruitﬁent
patterns of the intercostal muscles and their histochemical
profile.

\ METHODS
EMG Recordings

The intercostal muscles of 9 adult cats anesthetized
with Halo&hane:(delivered in a mixture of 95% 0, and ‘5% c02)
were exposed and recordings of their motor unit activity
weré made with bipolar electrodes. The diaphragmatic EMG was
recorded with stainless stegl =lectr >des and the signal then
rectified and low pass filtered ‘- described in Chapter 2).
Single motor unit potentials from the bipolar recordings of
intercostal muscle were isolgfed with a window\aiscriminator
(Bak Electronips, Md.i. ~A PDP 11 computer was used to
average the discharge rate of motor_units with respect to
the timing of -the diaphragmatic EMG (averaged over 20-50
respiratory cycles). The compilatibn of this data was then

3

used to generate a summary.of intercostal muscle recruitment

during respiration (Fig. 5.1).
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Muscle Fiber,Propgrtiés - N

Each of the parasfernal, external = and internal
infercostal muscles were reméved in their entirety from the
rib cage. The muscle specimens were frozen in isopentane
cooled withjliquid nitrogen. Cross sections were cut at 10~
15 um fn a crysotat at -25°¢C. Musclg fibers weré‘stained for
mjofﬁbrilla: ATPases‘under alkaline (pH 10) and acid (pH
' 4.3) preincubation conditions (Nwoye, Mommaerts, Simpson,
Seraydariah & Marusich, 1982), as 'Qell as for the
determination of nicotinamide adenine dinucleotide(NADH)
diaphorasé activity‘ (Dubowitz & Brooke, 1973). Muscle
fibers were subsequently classified accérding to the’
terminology éf Peter, Barnard,w Edgérton,‘ Gillespie "~ and
Sempel (1972) as Types SO, FOG or FG. This classification
was based on the relative intensities of staining . amongst
the muscle fiber types (see Table 5.]). .Counts were made of
wfibersv(200—400) froﬁ\the\gpoximal, ‘middle and distal areas

. AN
© of each muscle. "

.

-

TABLE 5.1, Criteria for i}fferentiating between fiber typeé

found in intercostal.muscles -6f the cat. ~-

_Muscle fiber type e ’ FOG . FF

v

Histochemical profile
ATPase (pH 10) light dark dark

ATPase (pH 4.3) dark I %igh medium

NADH , "dark _ dark light



STAINING METHODS

1.

NADA -

10 ml Tris Buffer

10 mg NADH

10 mg NBT

a) add solutions and pH to 7.4-7.6
b) incubate at 38° for 30 minutes

c) rinse slides with distilled water

2. MYOFIBRILLAR ATPase (alkaline pre-incubation)

~with 10 ml inc. solution \

. ¢
A. Pre-incubation -

4 gms CaCl2

1.9 ml AMP

17

Bring“to 400 ml with distilled water and pH to 10.0

'B. Incubation 

¢

4.8 ml AMP K
“500 mg NaN AN

3
Bring to 500 ml, pM/B

Pre-incubate for 8.min at room temperature

Wash

~

" Incubate at 37° for 20 minutes at room temp.

100 ml CaCl2
12 mg ATP

Wash' LS

Incubate 20 min. with 2% CoCl2 at room temp



Wash
Incubate for 30 sec with%1% (NH, ) S
Wash

v
«

’

I

.,Myofibr};lar ATPase (Acid pre;incubation) T
A. Pre-incubation |
1 ml of 1 M KCL
1 ml of, 1 M Na—acetéte

- 8:ml aistilied watgr

Add solution for 6 minutes at room temp pH 4.5

-
[y

B. Incubatiqn

18.1 mg ATP

1 ml .3 M éaCl2

J ml_.éS M NaCl .

5 ml .1 M glygine-NaOH

3 ml distilled water

Rinse ) - ' : i‘

Immerse in 1% CaCl

Rinse ”

Immerse in.(ZTKO%'CoCl2 %1:

Rinse /

Immerse in R% (NH,) .S ' A

/

Rinse N
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RESULTS

Parasternal Muscles - / o . 5 2

The parasternal muscles consistently illusfrated EMG
aCtiQity during :he'inspiratory phase of the resﬁiratory
cycle- in the lightly anesthe?izéﬁi cat (Fig. 5:1A).\.The
histo?hemian profile of the muscle fiber population of the

'paraste}nal -muscles is shown in Fig. 5.2. Each of the

parasternals, regardiess of location, had a similar
distribution of muscle fiber types: 55% E. 3.7)- type SO,

22% (S.E. 4.6) type FOG and 23% (S.E. 3.1) cype FG fiberd.

AY

External Intercostal Muscles
The areas of the external intercostal muscle typically -

recruited during inspikation are illustrated in Fig. 5.1B,
. . i
The presence of phasic EMG activity was .limited to the

rostral and dorsal areas of the rib cage. Durin, increased
(:/( . T .
respiratory drive (due to increased CO2 concentration of

inspired ‘air or tracheal occlusion) there was an increase
in the motor unit discharge of the previghsly active junits
and a recruitment of neighboring motor gnits. However, those
regions of the 'extérnal intercostal which were silent
previous to’ the respiratory ’ cﬁgzzjnge, remaineé so.
Tdnically firing motor units were occasionally seen in’ the

_external intercostal mugcles (5 of 84 units).
The .ﬁuscle fiber properties of the external

g .
intercostals varied in different regions of the rib cage. We

N



A INSPRATORY EMGMCTIVITY IN PABASTERNALS

K

N

Fig. 5.1 TIllustration of the areas of parasternal (A), and‘jyﬁ

exfernal intercostal ‘muscles: (B) which were typically
recruited during inspiration -{shaded areas). Note the
decrease in EMG activity in the external intercostals along
the rostrocaudal and dorsoventral axis of the rib cage. The
internal intercostals were generally inactive in the
‘anesthetized cat, but when thére was activiity it most often

appeared- in the shaded_areas shown in (CQ).
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Fig. 5.2 Histograms illustrating the distribution of muscle
fiber types in the various intercostal muscles. Parasternal
(Para) and those external intercostals which were rectuited
during inspiration (Ext-R) had a relatively high percentage
of Type SO fibers. In contrast, the remaining external (Ext-
NR) and 1internal intercostals (Int) had a lower
concentration-of Type SO fibers. Error bars indicate
standard error of the mean (S.E.).




122

have arbitrarily divided _Le external intercostals into two
populationé: those dreas which illustraﬁéd QMG activity
during inspiration are referred to as 'respiratorv' external
. intercostals (Ext‘ﬁ%ﬁk\while those which Qere not recruited

\]

for reSpiration are classed as 't -~ respiratory' external
intefcostals (Ext~NR). :As iliust; -d in  Fig. 5.2, -areas
recruited during inspiration . had a considerably higher
percentage of Typé SO muscle fibers (52%1.2) ~as 'éompared
with - those areas which' were silent  (34F1.4). The
relationship between the biochemical properties and the
recruitment "patterns of the external intefc6§tal'muscle is
further demonstrated in Fig. 5.3. The rat§0'of Type SO
Qéréus é?pe.F (Types FOG and FG combined) fibers decreases
;along~the Eost:ocaudal axis of the rib éage, similar to4£he
trend seen for EMG activity. Fﬁrthermofe, within a 'given
iﬁtercostél .space the'muscie prdperties chénge dramatically
along a doésoveﬁtral gradient (Fig 5.4), which “again

~ parallels the pattern.of EMG activity.

Internal Intercostal Muscles

In our preparation, the internal intercostal musc.es of
.. the caudal five spaces were occasionally recruited during

_.expiration (Fig. 5.1C). In contrast to the external

a S

intercostals, the internals were recruited with the activity:

‘decreasing in a caudal-rostral direction. Tonically firing-
. . - o) oo
. S . e Yoo
units were seen in 7 of 59 units recorded.

.- -The histochemical profile of internal intercostals was

cw 0 . .

@ R P
: [ . . )



123

o
 1.97
3 A
=
L
N
O
n
-
Q) o
Q.
>
=
—
O
O
&) .
e

1 2 3 4 56 7 8 9 101112

Intercostal Space

- Fig. 5.3 Co;rela‘t"ion between the ratio of Type SO/ Type F
(FOG + FG) fibers seen in the proximal-middle portions of
the external intercostals. The rostrocaudal distribution of
muscle fibér type properties parallels the EMG act1v1ty
patterns in these muscles (see Flg 5.1B). :
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- Fig. 5.4 Tissue sections of the external intercostal muscle

"from rostral (top plate), mid-thoracic (middle plate) and
caudal spac:s (bottom plate) of the rib cage stained for
myofibrillar ATPase, preincubation pH 4.3. Darkly stained
fibers were classified as Type SO, and the lightly stained
fibers as ‘Type F (FOG & FG). Note, the intercos-1 muscle
from the rostrally located space has a higher proportion of
Type SO fibers than the muscle from the caudally located
space. When the dorsal (top layer) and ventral (bottom
layer) areas of the mid-thoracic space are aligned beside
each other, as shown here, it is evident that the proportion
of Type SO fibers is considerably greater in the dorsal
. regions. ’ S ——
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fairly homogeneous regaruiess of the lécatlon within the rib
cage. As illustrated in Fig. 5.2, the predominance of Type
F fibers was similar to that éeen for 'non-respiratory'
external intercostals: Type SO, 29% S.E. 1.3; Type ROG, 30%

S.E.. 1.5; Type FG, 41% S.E. 2.7.

DISCUSSION

The EMG profile\we observed for the intefcostal muscles
¢f the anesthetized cat was similar to that reported for a
variety of other speciés and preparatiohs (Koepke, Smith,
Mﬁrphy & DickinSOnc 1958; Newsom Davis & Sears, 1970; Duron,
1973; DeTroyer & Ninane, 1986). The parasternals,v ~nd
external intercostals of the rostral spaces and ventral
portions of the mid-thoracic’ spaces, appear to be synergists
of the diaphragm, 'écting to incréase intrathoracic volume
during inspiration. Expiration is either passive or involves
the recruitment of the internal intercostals in the caud .
spaces ; of the ribacage. Although these trendsﬂ have »oec-
apparént in, the ‘previous studies, there has  been some
discrepancy -‘regarding exactly which intercdstal spaces aie
typically recrﬁited during resbiration. This is likely, in
part, due to the differing locations within an in;grcostal
épace that the EMG recordings were made. For ihsf;;ce, the
inspiratory éctivity of the éxternal intercostals located in
the mid-thoracic spaces wouid only be noticed if the

recording electrode was positioned in the dorsal area of the

muscle,
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It is interesting to note that there is anatomical, as
well as, electrophysiological evidence for the partitioning
of intercostal muscles within a given rib cage space. There
is a well defined segregétion within the thoracic cord
between motoneurons innervating the proximal “fanq‘ disgél

areas of an intercostal muscle (Hardman & Brown, 1985). The

intercostal muscles are not unique in this regard, as

similar observations regarding the compartmentalization of a
muscle into functionally unique regions have been reported
for a variety of mammq}ian muscles (Loeb, 1985; Stuart, Hamm

& Vanden Noven, 1988). _ .

]

The regional differences in the distribution of muscle
fiber types inﬁthe iptercostals may reflect the functional
specializationsvamdngst the-. muscles. Respiratory muscles,
which are recruited repetitively for the duration  of the
animal's 1life, might be expected to have a high resistance
to fatigue. A precedent for this suggestion’ comes from
previous | studies of the 'cat diaphragm, which report
approximately 50% of the muscles fibers are Type SO (Riley &
Berger, 1979; Sieck, Roy, Powell, Blanco, Edgerton & Harper,
1983); A similar higgochemical profile is reported here for

the  parasternals and those areas of the exterhalﬁ

e
. S : . . . . g
intercostals which were recruited during inspiration.

In contrast, the areas of the intercostal muscles which

were inactive during respiration demonstrate a lo

proportion of fatigue resistant musclé)fibers. A possible

L]

A
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exception to this general trend between respiratory and ‘non-
respiratory muscles is evident in the internal intercostals.

Although the internal intercostals of the caudal spaces were

occasionally recruited during ekxpiration, a fairly

Shomogeneous distribution of  muscle fiber types existed

amongst all the spaces. The differences seen in the EMG
it .

@

“activity of these muscles along the caudal-rostral axis of

the rib cage ere not reflected 1in the histoéhemical
properties. This could be an indication of the general lack
of recruitment of these muscles during respiration. A
further possibiiity s that internal and external
intercostals of the rostral spaces are in fact ,fecruited‘
during ;gspiration,.but only in the intact, awake cat during
periods when the depth and rate of breathifig is increased
towards the upper limits. It could then be functionally
advantageousv to recruit muscles with a higher proportion.of
fast contracting muscle fibers which may produce . the
necessary ihcreaséd levels of force.

'As discussed préViously, there is evidence that the
intercostal muscleé are recruited for purposes other than
respiration. However, further ,EMG recofdihgs from awake,
freely moving animals under a variety of conditions will be
necessary before a éomplete description of the non-
respiratory role of the intefcostals can be provided. Thus,

a precise description of the relationship between the non-

respiratory functions of the intercostals and their muscle

-



128
fiber properties is difficult at this time. Nevertheless, it
does appear that intercostai muscles have a population of
muscle fibers which are designed to generate guicker
contractions and possibly greater force,~ without the
necessity ﬁor.the same degree of resistance to fatigde which
is seen in those muscle fibers regqularly recruited during

~

respiration.
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CHAPTER SIX
GENERAL DISCUSSION

This study was initially designed to inve§tigate' the
CNS utilization of the gamma motoneuron system during
respiration in the cat. ~Tbe‘ensuing experiments illustrated
that fhe recTuitmgnt patterns of dynamic and static gamma
motoneuroﬁs in the external intercosfals are similar to that
reported for ‘the hindlimb extensors of the <cat during
locomotion (Chapters 2 & 3). Together, £hese findings might
~be seeﬁ ,és demonstrating an underlying strategy of gamma
motoneuron ., .cruitment Eommon'to rhythmical movemehts in
general. However, there 1is also contrary evidence which
suggests tﬁis hay not be the case. Firstly, Taylor and his

colleagues have reported an opposite.recruitment pattern ‘of

gamma motoneurdns in the jaw mugcles of the cat during

chewing (Taylor & Appenteng »1981): Secondly, there have
been suggestions, based on recordings of muscle spindle
1afferents in the cat, thaﬁ the activ}%&fbf gamma motoneurqns‘, 
varies} amongst the different hindlimb muscles involved in
locomotion (Per;et & Berthoz, 1973; Cabelguen, 1981; Loeb,

1985)

APPROACHES TO THE STUéY’OF GAMMA . MOTONEURON. RECRUITMENT -
The methodélogy used in these studies varies and in

séme, cases the evidence is rather iﬁdirec:. It may be

possible to overcome this problem by applYing similar

133
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ktechnﬁques to the study of a variety of muscles. Methods

" resembling thosé¢ used in Stein's laboratory, for instance,

Lo .

.couyd be applied to the investigation of other muacle groups
involved in locomotion and perhaps to the jaw muscles during
qhéwiﬁﬁ. Taylor's techniqueyis fairly similar, But it does
aot allow for the direct éomparison of muscie 'spindle
responsé, to a well conérolled stretch, before and after the
removal of gamma motoneuron input. This is an iﬁportant
factor when oﬁe cgnsidefg that at present the most reliable
means for differehtiating gamma motor neuronvtype is the

”§bservatioa of their effects on mean rate and modulation of

spindle afferents. Tayior{s preparation, .honethéless,.does

dffer the advantage of allowing for recordings from awake,
freely, moving animals, * which removes the potential
distortion of gamma motoneuron activity due to the effects

of anesthesia. However, comparisons of the results from

< . .
in the- anesthetized and <chronic

studies of jaw musclea
preparations reveal no qualitative differences (Taylor &
Appenteng, 1981). |
'The intricate techniques developed by Hulligér and
Prochazka have also proven useful for suggesting the nature
"of gamma motoneuron activity in the hindlimb extensors of
freely mbving, unanesthetézed cats. _ Unlike other studies
using chroninpréparations (Loeb, Hoffer & Pratt, 1985),
they do not merely rely on inference in determining which

-~

type of gamma motoneuron activity would best explain the

;;5;3

AN
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response of spindle afferents during locomotion. R;£her, the
actual re;pon$e of spindle afferents is réproduced under
similar céﬁaikions by introducing a known pattern of gamma
motone on activity (Prochazka, Hulliger, Zangger &
Appenﬁehg, 1985). Unfortunately, this fécﬁnique depends on
brecise knowledge of huscle length and spindle location in
the chronic preparation, which would be aiffiéult in muscles
such as the intercostals (pérsonal‘ communicaﬁion,
Prochazka).

A further technique'for determining gamma motoneuron

activity was developed several years ago by Gladden and co-

. workers (Gladden, 1981). Muscle_spindles'were isolated from
the tenuissimus qsscle of the cat while leav;ng the nerve
supplyv and spinal éoots intact. ‘Intracellular recordings
from intrafusal fibers were performed while specific
supraspinal centers were stimulated. Du~ to -he specific
innervétion of intrafusal fibers by either Jaruna or dynamic
gamma motoheurons, this techhique could allow for a precise
measure of the activity of these neuréns. To m§_knowledge,
this ~ promising strategy has not since been developed or
applied to the recording of intrafusal potentials during
tural movemeqts.‘The technical difficulties of stabiiizing
th® preparation sufficiently to allow for intracellular
‘reé dings may be one of the problems;

deally, a reliable techniQue.for recording directly

from mma motoneurons in the unanesthetized preparation
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will be developed. The single largest difficulty 1is to

develop a method of selectively recording the low amplitude’
signals generated by. the small diameter axons of gamma
motoneurons (Murppy, Sfein &quylor, 1985). A cqnfounding
problem _wii{ be to idegtifyxﬁhe ﬁype of - gamma . motoneuron
.being 'recordgd. A possible solution to this problem may
‘develop fromn the 1identification of discrete supfaspinal
centeré, which when stimulated, selectively affect ‘the
activity of either static or dynamic motoneurons (Appelberg,

1981; Giadden, 1981; Wand & Schwarz, 1985).

GENERAL PRINCIPLES OF GAMMA MOTdNEURON'ACTIVITY

"Although .a general theorynrggazding gamma moteneuron
acﬁi&ity\-woﬂld be premature at th's time, some underlying
principles have become apparent. These principles are
sugéestea by_ the results of this study and the work of

‘others who have investigated the role of gamma motoneurons.

The ability of . the -CNS“ to recruit ‘'gamma ang “alpha
motoneurons separately. This is a' fundamental development
in  the evolution ©of the mammalian muscle spindle - from the

system used in reptiles and amphibians.. Muscle spindles, in

animals of these classes, are innervated solely . by
collateral branches of alpha motoneurons, which are
fefefred;to as beta motoneurons (Matthews, 1372). Therefore

co—activatiog of intra and extrafusal fibers is inherent in

the system;- removing the possibility of independently
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settiﬁg thé muscle spindle activity.and sensitivity.

Although the human muscle spindle also receives'
discrete '‘nnervation from gamma motoneurons, - evidence for
separaée acéivation patterns of intrafﬁsal and extrafusal
activity 1is sparse ,(Hulligef,'» 1984). A recent report

_describing direct recordings from gamma motoneurons in the

"'..,

i ¢ ) . . .
‘peroneal nerve of . humans claims that wunits were firing

f !

..tonically,  independent of alpha motoneuron activity (Ribot,

:VRoll & Vedel, 1986). However, the number of units were small

(six in five years) and tHe gtounds'for their identification
questionable. Therefore, at this ;ime the nature of gamma
motoneuron activity is largely based on microneurographic
recordings of muscle spiﬁdle afferehts from‘-human nerves{-
The . \recordfﬁgs' have been . made while- subjects | wvere
~performing véldntary tasks which involved either 1isometric
or relativély slow, short range contractipns (Vallboi 1973;
Burke, Hagbarth & Léfstedt, 1978) The results suggest that .
gamma and alpha motoneurons are necessarily recruited
together, at least duringﬁthe lim@ted types of movement so
far studiea. Intuitively, the general applicability of these
finaingé appears questionable, as it seems unlikelyfthat“the‘f
separate control of gamma métoneurons which evolved in lower

»

mammals, would have subsequently been lost in humans.

CNS utilization of gamma motoneurons to modulate muscle
spindle sensitivity. It appears the mammalian CNS has the

ability to utilize the two classes of gamma motoneu?ons,



138
dynamic and ;tatic, to modulate the sensitivity of muscle
spindles. We have suggested the sensitivity is set high
while the muscle is recruited, so as to maximize the reflex
correction of the muscle activity in the event the intended
degree of shortening is not attained (see section on servo
assistance in Introduction). ‘ Furthérmore; the sensitivity
of the spindle afferents is. kept low during tﬁe Eeméiﬁing
périod. of the cycle when an; reflex activity would be
counter productive,. .‘It would appear that there are
movements, such as chewing, where it is adv ~tageous to

employ the opposite scheme of *‘gamma motoneuron recruitment.

Gamma motoneurons acf * .revent mﬁséle,spindles ‘afferents
from falling silent dubing muscle shortening. There have
- been suggestions that static gamma motoneurons are largely
responsible for this role during the active shortéhing of a
muscle (Bessou & Pages, 1972; Taylor & Appenteng, 1981).
Thié idea is based on the premise that only static gamma
motoneurons can generate intrafuysal vcéntr;ctions, of

sufficient >speed to keep up with the shortening of

extrafusal fibers. It has therefore been assumed that static

—

gamma motoneurons are typically co—activa::i/fxith alpha

motoneurons.,” However, there are valid rease#S to guestion
. .. . . /

- this argument. Firstly, Hulliget's feinvestfgatﬂbn~oﬁfthe
. e [

Y-
) - ’ B - » e 5 . ’
speed at which the two types of gamma motoneurons ‘can still

produce Ia discharge found that the differences are
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statistically insignifiqant (Hulliger, 1979). Secondly,
direct recordings of the‘gffects of gémma motoneurons on la
afferents iduring muscle. shortening have 1illustrated the
ability of both types in preventing the unloading of muscle
spindles (Appénteng, Prochazka,‘Proske & Wand, 1982; Morgan,
Prochazka & Proske, 1985). Finally, thé.argument neglects
the fact that the two types of gamma motoneurohs are both
firing while the muscles are actively sH&Q&Sning during
rhythmical movements. The summation of the effects produced’
by dynamic and Staticlgamma‘motoneurons will tend to prevent
~unloading of the spinale afferenks, regardless of which-typé‘
is firipg‘toniéally or phasically (Hulliger, Matthews -&
Noth, 1976).

Muscle spindies, in the absence of gamma motone: ~on
aéEivity, could also be unloaded by the passive shor-e. 1g
“of a muscle. In that instaﬁce the CNS would be depriv-=4 of
information regarding the ‘1ength' of a muscle and .~ ody
position. It could be argued that the continuous ac:fJityr
of static gamma motoneurons, as reported for ‘interc stals
and hindlimb extensors, would be beéf_designed to prevent
this occurrence. Sﬁatic gamma motoneurdhs, due to theit
innervation of bagé\and chain intrafusal fibers, increase.
the activity of both Ia and II afferents. In conf;ast,
innervation by dynamic gamma m -oneurons is limi;ed to baé1
intrafusal fibers, rendering them unable to prevent thex

unloading of II afferents.



140

The level and pattern of gamma motoneuron activi®y can vary
within a given’ muscle. Our findings in the 1intercostal
muscles are 1in agreement with this general principle
regardihg, gamma motoneuron recruitment. A similar

compartmentalization has been  propcsed for certain

4
[}

biarticulate muscles offthe hindlimb (Loeb, 1985; . Stuart,

4

Hamm & Vanden ﬁ?ven,' 1988). It would be interesting to

~

determine if this 'situation exists in the jaw closing
i . .
_).l . B

muscles, which have been reported to be compartmentalized

" based on EMG pattern and motor unit prope;ties (Herring,

ay

Grimm & Erimm; 1979; Gorniak, 1986).

4

ROLE OF MUSCLE SPINDLES

Ey

As outlined in the Introduction, informati®n from
muscle spindle afferents is tfansmitted to both the spinal
cord and supgxspinal nuclei. ‘The following 1is a brief

discussion of how this informatiom from intercostal muscles

o]

may used by the these two levels of central n rydﬁsf,system
*! %"

!

" to facilitate motor control.

Spingl" ;onnections.'The impogtahce of feedha&k from spindlé

H

afferents in the role of servo assisting muscle activation

% . is discussed‘in Chapters 2 and 4. The sourcé.of the reflex
. - ‘A . . ‘:;.,'7 . . o

-

x‘lfactivity Vstemé'frqmilé“and ITI spindle afferents which make
monosynaptic and pplysiqaptic connections with 1@hora¢ic

motoneurons (Kirkwood & Sears, 1974). Previous studies have

Z
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shown that muscle spindle afferents synapse with alpha

. \
motoneurons innervating the same segment and, to a ,lesser
degree, the adjacent segments (Kirkwood & Sears, 1982).

Evidence .ffom human studies have also demonstrated the\

~as

presence of 'long-loop' reflexes 1in the thoracig cord
(Newsom Davis & - Sears, 1970) . Whether this Treflects
polysynaptic roﬁtes within the cord or transcortical
pathways is unkdownh As is the case with the jaw muscles and
hip'extensors, .thé}e are no inhibitory cohnectioné between
antagonistic muscles of_.the intefcostai muscle group
(Aminoff &.Sears, 1971). | |

Modulation of information from muscle spihdlesfat the
level of ‘the spinal cord has bgenu demonstrated in the
mammalian CNS. This typically takes the form of presynaptic
inhibition of the sensory afferents or inhibitiqn of those
interneurons which act as relays between ”thé afferent
terminal ahd the térget neurons (Brooks, 1986). Présently,
this typé of modulation of the sensory informationxkfrém

respiratory muscles has yet to be investigated.

Supréspinal connections. The possibility of muscle spindles
assisting the cerebellum in postural control is suggested in
Chapter 2. Notably, the continuous information regarding
muscle length would Se available from IT afferents whén'

N . £
T, . . . . s w {at
influenced by the tonically firing static gamma motoneurons. PO

-

This -"proprioceptive information would also be available to

the  sensorimotor cortex. This could be important in
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providing a reference regarding the position of the thorax
which then could be used in generating appropriate motor
commands. “

Activity of muscle spindle afferents can also modify
the.;output Sf centers within the CNS which coordinate motor
programs (Nashner, 1982; Abbs & Gracco, 1983). It is unclear
whether spindle afferents from intercostal muscles play such
a role by affecting the activity of the respiratory pattern
generator. Shannon (1986k.and his colleagues have addressed
this problem and suggest tgey do not. However, while the
medullary cells they studied were respiratory neurons, it is
not certain whether those cells were part of the: pattern
generator,. of merely premotor cells which act as relays to
the spinal cord (Feldman, 1986).

" An argument, on theoretical grounds, can be put forth
for questioning the importance of muscle spindle. input to
the respiratory center. Information regarding the degree of -
ribcage expansion is already provided by stretch -receptofs
located within the bronchi and lung parenchyma (West, 1954).;
These receptors, which signal lung expansion, have a direct
impact on the timing of the transition from inspiration td
expiration. Unlike the muscle spindle in th? .intercostal
muscles, however, they are not as likelyfto be affected by
non-respiratory movementéﬁ of the ﬁhqrax which could
reflexly influence the respiratory  center in an

w

inappropriate way.
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INTERCOSTAL MUSCLES

Questions- arose from this initial study of muscle
spindles during respiration regarding the architecture of.
the intercostal muscles. Electrophysiolqgical, histochemical
andv kinematic evidence .was presented to illustrate the
functional compartmentalization of this muscle groupf‘\Asy~a
possible extension of this study, éne could investigate
Qhether a similar correlation between the level of
respiratory related acti&ity and muscle fiber properties
exists in the:levator costae muscles. These small muscles,
which insert between each rib and the vertebrae, show a
clear decrease in inspiratory EMG activity in .a caudal-

rostral direction (Hilaire, Nicholls & Sears, 1983).

&

To conclude, the igtercostals'are designed'wi;h very
clear vfégional differences which cofrelate well with th%
functional demands impoéedvon the muscles. The regionai
specializations are also reflected 1in the recfuitment
patterns of gamma motoneurons. In turn, this resﬁlts in the
temporal and. spatiai optimization of muscle spindle
propert{es to facilitate the motor control of the

@ - .

intercagtal muscles.

M
4
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