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ABSTRACT

Reflex effects evoked by graded electrical stimulation of the posterior articular nerves (PAN) of the ipsi- 
and contralateral knee joints were investigated using both micro-electrode recordings from 7  - 
motoneurones and recordings from single muscle muscle spindle afferents. Spindle afferent responses 
were also recorded using natural stimulation of different types of receptors, to elucidate if the articular reflexes 
onto the y  -motoneurones were potent enough to significantly alter the muscle spindle afferent activity. 
Stretches of the ipsilateral posterior (PCL) and anterior (ACL) cruciate ligaments, pressure on the ipsi- 
and contralateral knee and ankle joint capsules, and passive flexion/extension movements of the joints in the 
contralateral hind limb were performed. The occurrance of different sensory endings in the ACL and PCL 
was examined using gold chloride staining for neuronal elements. All experiments were performed on chloralose 
anaesthetized cats.

More than 90% of the static and dynamic y  -motoneurones were responsive to electrical stimulation of 
the PAN. Most 7 -cells responded to low intensity electrical stimulation. Excitatoiy reflex effects predominated 
on both static and dynamic posterior biceps-semitendinosus (PBSt) 7  -cells, while excitatory and inhibitory 
effects occurred with an about equal frequency on triceps-plantaris (GS) 7 -cells. The fastest segmental route 
for excitatory PAN effects on hind limb 7 -motoneurones seems to be di- or trisynaptic, while the path for 
inhibitory effects seems to be at least one synaps longer.

Physiological stimulations of ipsi- and contralateral joint capsules and of ipsilateral cruciate ligaments were 
all found to evoke frequent and potent changes in spindle afferent responses from the GS and PBSt muscles. 
It was shown that these effects were due to reflexes onto dynamic and static fusimotor neurones caused by 
physiological activation of articular sensory endings. Both ipsi- and contralateral joint receptor stimulation 
evoked excitatory as well as inhibitory fusimotor effects. The highest responsiveness was found during stimula
tion of the cruciate ligaments, i.e. 58% for GS and 47% for PBSt primary spindle afferents to PCL stimula
tion, and 73% for GS and 55% for PBSt primary spindle afferents to ACL stimulation. Significant altera
tions in spindle afferent activity was encountered at very low traction forces applied to the cruciate ligaments 
(5-10 N). The low thresholds, the tonic character of the stimuli, and the fact that different types of sensory 
endings were demonstrated in the cruciate ligaments (i.e. Ruffini endings, Pacinian corpuscles, Golgi ten
don organ like endings and free nerve endings), indicate that the fusimotor effects observed were caused by 
activation of slowly adapting mechanoreceptors, most likely Ruffini endings and/or Golgi tendon organ 
like endings.

The potent reflex effects on the muscle spindle afferents elicited by increased tension in the cruciate 
ligaments indicate that these ligaments may play a more important sensory role that hitherto believed, 
and it is suggested that they may be important in the regulation of the stiffness of muscles around the knee 
joint, and thereby for the joint stability. The possible clinical relevance and the mechanisms by which joint 
receptor afferents, via adjustment of the muscle stiffness, may control joint stability are discussed.

Key words: Joint afferent - Mechanoreceptor - Cruciate ligament - Fusimotor
neuron - Reflex - Muscle spindle afferent - Motor control - Cat
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Writing a book is an adventure: 
it begins as an amusement, 
then it becomes a mistress, 

then a master; 
and finally a tyrant

Sir Winston Churchill

I  was working on the proof o f one o f my poems all the morning
and took out a comma. 

In the afternoon I  put it back again.

Oscar Wilde
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The following abbreviations are used in the text:

ABSm................ anterior biceps and semimembranosus
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CNS....................central nervous system
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DLF.....................dorsolateral funiculus of the spinal cord
DP.......................deep peroneal nerve
D R    dorsal root
EM G.................. electromyography
GS.......................gastrocnemius, soleus and/or plantaris
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LAN................... lateral articular nerve of the knee joint
MAN.................. medial articular nerve of the knee joint
M esADC mesencephalic area for dynamic control
N R ...................... nucleus ruber
PAN................... posterior articular nerve of the knee joint
PBSt................... posterior biceps and semitendinosus
PCL.....................posterior cruciate ligament
PM .....................  cerebellar paramedian lobule
S .........................  static or sacral
T .......................... threshold
Th........................ thoracic
Tib.......................tibial nerve



A Sensory Role 
for the Cruciate Ligaments

Regulation of Joint Stability 
via Reflexes onto the y-Muscle-Spindle System 

Per Sjölander
The Departments o f Physiology and Zoophysiology, University o f Umeå, Sweden

INTRODUCTION

The function of the sensory information conveyed by muscle, skin and joint ner
ves has been a subject of great interest for many years among neurophysiologists (for 
reviews, see e.g. Goodwin et al. 1972; Goodwin 1976; McCloskey 1978; Matthews 
1982; Proske et al. 1988). At the beginning of the century, when sophisticated mus
cular sensory endings like the muscle spindle and the Golgi tendon organ were described 
(Golgi 1903; Sherrington 1894), it became generally believed that the muscular recep
tors were the most important in proprioception as well as in segmental and inter-seg
mental regulation of limb muscle tone (see e.g. Sherrington 1906; Creed et al. 1932). 
This view was further strengthened during the 1960’s and 1970’s due to the observa
tions that muscle vibration (i.e. activation of muscle spindle afferents) could induce il
lusions of movement in stationary limbs (Hagbarth & Eklund 1966; Goodwin et al. 
1972), and to the demonstrations of central projections of muscle receptor afferents 
(Andersson et al. 1966; Landgren & Silfvenius 1969, 1971; Lundberg & Oscarsson 
1960; Oscarsson & Rosén 1963; Phillips et al. 1971; Johansson & Silfvenius 1971a,h,c). 
A widely accepted opinion has been, and may still be, that sufficiently strong evidence 
exists for a significant involvement of muscle afferents in proprioception and in nor
mal reflex regulation of muscle activity, leaving joint and cutaneous receptor afferents 
to functions such as facilitatory activity and/or mediation of protective reflexes (e.g. 
Matthews 1972, 1977; Goodwin 1976; McCloskey 1978; Burgess et al. 1982; Clark et 
al. 1985; Wei et al. 1984, 1986).

However, the view that only the muscle afferents convey information relevant for 
proprioception and coordination has been questioned by several authors who have claimed 
that the role of joint receptor afferents has been oversimplified and underestimated (see 
e.g. Paper I-VII; Ferrell et al. 1985; Proske et al. 1988). In fact, several electrophysiologi-
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cal and morphological investigations have shown that sensory endings in the joints have 
properties suitable for providing the CNS with information relating to limb position and 
movement (for references, see below: Sensory endings in the knee joint).Furthermore, 
it has repeatedly been demonstrated that ascending pathways transmitting messages from 
joint afferents project to supraspinal centres including the cerebral cortex (for referen
ces, see below: Projections o f knee joint afferent activity to supraspinal structures; see 
also e.g. Gardner & Haddad 1953; Mountcastle 1957; Andersen et al. 1967; Clark 
et al. 1973). Direct evidence for the importance of joint receptors for position 
sense and kinaesthesia, as well as for the normal reflex coordination of muscle 
tone, has been demonstrated using selective removal of joint afferent inputs by 
local intra-articular injection of anaesthetics or by partial joint de-afferentation (Browne 
et al. 1954; Provins 1958; Freeman & Wyke 1966, 1967b; Ferrell et a l 1985, 
1987; Gande via et al. 1983; Clark et al. 1989). Thus, it seems reasonable to con
clude that joint receptor afferents, in addition to provide the CNS with information 
about nociceptive/harmful stimuli, also contribute in more sophisticated tasks, such 
as in proprioception and muscle coordination.

In orthopaedic literature, many investigations have focused on the bony, ligamentous 
and vascular anatomy of different joints, while comparatively little attention has 
been devoted to the functional role of the articular neuronal structures (Kennedy et al. 
1982). The latter might partly be due to early failures in attempts to elucidate the ex
istence of ligamento-muscular protective reflexes (Andersson & Stener 1959; Stener 
1959; Petersén & Stener 1959). The growing number of sports related joint injuries 
during the last decades, and the fact that the knowledge of optimal treatment program
mes remains partly incomplete, have certainly played an important role in creating 
a somewhat renewed interest for the functional significance of joint receptor activity in 
the control of joint stability (cf. Kennedy et al. 1982; Clancy 1983; Noyes et al. 1984; 
Zimny 1988a).

Sensory endings in the knee joint
To a large extent our current knowledge of the morphology and function of articular 

sensory endings comes from studies performed on the cat and human knee joints. The 
first systematic investigations of the distribution and termination of nerves in the knee 
joint were performed in the 1940’s by Gardner (1944, 1948). The histology of the knee 
joint, and the sensory endings within different structures (capsule, ligaments and menis
ci), have since then been the subjects of extensive investigations (for reviews, see Wyke 
1981; Newton 1982; Zimny 1988a). Thus, morphological studies have revealed that the 
nerve endings may be classified into four categories: Ruffini endings, Pacinian cor
puscles, Golgi tendon organ-like endings, and free nerve endings (according to Freeman 
& Wyke’s (1967a) classification, type I, II, III and IV endings, respectively).

The Ruffini endings usually consist of a cluster of two to six thinly encapsulated 
globular corpuscles with a single myelinated parent axon. Several structural varieties of 
the Ruffini endings in different species and tissues have been reported (Halata 
1977, 1988; Polâcek 1966). Ruffini endings have been found in both the capsule 
and the medial meniscus of the knee joints of cat as well as man (Gardner 1944; 
Samuel 1952; Boyd 1954; Skoglund 1956; Polâcek 1966; Freeman & Wyke 1967a; 
Halata 1977; O’Connor & McConnaughey 1978; Grigg & Hoffman 1982; Grigg et al. 
1982; Halata et al. 1985; Zimny et al. 1988; Zimny 1988b). They have also been ob
served in the medial collateral ligament of the cat (Freeman & Wyke 1967a) and
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in the human anterior cruciate ligament (Zimny et al. 1986; Schutte et al. 1987). 
Recordings from Ruffini afferent fibres arising from the cat knee joint capsule have 
shown that these receptors are slowly adapting and have low mechanical thresholds 
(Boyd & Roberts 1953; Andrew & Dodt 1953; Boyd 1954; Skoglund 1956; Eklund & 
Skoglund 1960; Freeman & Wyke 1967a; Grigg & Hoffman 1982). According to their 
behavioural characteristics, these receptors may be categorized as static and dynamic 
mechanoreceptors, which (depending on the location of the receptor) are able to signal 
static joint position, intra-articular pressure and amplitude and velocity of move
ments (cf. Freeman & Wyke 1967a; Wood & Ferrell 1984; Ferrell 1987; Zimny 1988a). 
Furthermore, receptors tonically active at intermediate joint angles have been found both 
in the knee joint capsule and in the cruciate ligaments (Skoglund 1956; Ferrell 
1980; see also Burgess & Clark 1969). It has been suggested that these ‘mid-range' 
units may give information concerning joint angles and/or limb movements (see e.g. 
Ferrell 1980; Proske et al. 1988; Zimny 1988a), and it seems quite possible that 
an important part of the ‘mid-range’ afferents arise from Ruffini endings (cf. Skoglund 
1956).

The Pacinian corpuscles are thickly encapsulated, conical corpuscles, which are rapid
ly adapting and have low thresholds to mechanical stress. They have been identified 
within the knee joint capsule and the medial meniscus of both humans and cats (Samuel 
1952; Boyd 1954; Skoglund 1956; Hromada & Polâcek 1958; Polâcek 1966; 
Freeman & Wyke 1967a; Halata & Groth 1976; Halata 1977; O ’Connor & 
McConnaughey 1978; Halata et al. 1985; Zimny et al. 1988; Zimny 1988b), and recent
ly also in the human anterior cruciate ligament (Zimny et al. 1986; Schutte et al. 
1987). These mechanoreceptors are inactive in the immobile joint and when the 
joint is rotated at constant speed, but become active at acceleration and deceleration 
(Freeman & Wyke 1967a; Zimny 1988a). Accordingly, Pacinian corpuscles are regarded 
solely as dynamic mechanoreceptors (Boyd 1954; Skoglund 1956; Freeman & Wyke 
1967a; Zimny 1988a).

The largest of the articular mechanoreceptors are usually thinly encapsulated, fusiform 
corpuscles, that appear to be the articular homologue to the tendon organs of 
Golgi. In the knee joint the Golgi tendon organ-like endings were until recently believed 
to be confined to joint ligaments (i.e. the collateral ligaments (Andrew 1954; Skoglund 
1956; Freeman & Wyke 1967a) and the cruciate ligaments (Boyd 1954; Skoglund 1956; 
Freeman & Wyke 1967a; Schultz et al. 1984; Zimny et al. 1986; Schutte et al. 1987)). 
However, in a recent investigation the medial meniscus of the human knee joint 
was also found to contain this type of mechanoreceptor (Zimny et al. 1988; Zimny 
1988b). Electrophysiological data show that the Golgi tendon organ-like endings are 
slowly adapting, have high thresholds, and are completely inactive in immobile 
joints (Freeman & Wyke 1967a). It has been suggested that these receptors measure 
the tension of the ligaments (Andrew 1954; Skoglund 1956) most efficiently when the 
joint is at the extremes of the movement range, due to their high thresholds (cf. 
Freeman & Wyke 1967a; Wyke 1981; Zimny 1988a).

Free nerve endings are widely distributed throughout most of the articular tissues 
and constitute the articular nociceptive system (for reviews, see Wyke 1981; Proske et 
al. 1988; Zimny 1988a). These endings remain inactive during normal circumstances 
but become active when they are subjected to abnormal mechanical deformation or to 
chemical agents, for instance inflammatory mediators like histamine, bradykinin and
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prostaglandin (Andrew & Dodt 1953; Freeman & Wyke 1967a; Burgess & Clark 1969; 
Coggeshall et al. 1983; Schaible & Schmidt 1983, 1985, 1988a,b\ Grigg et al. 
1986; Schaible et al. 1987a; Ferrell et al. 1988).

To summarize, it has been shown that the human as well as the cat knee joint cap
sules, ligaments and menisci possess sensory nerve endings which are morphologically 
different and have various response characteristics to mechanical stress. The sensory 
system within the articular tissues of the knee joint is therefore not only capable of 
detection of noxious stimuli, but also potentially able to provide the CNS with infor
mation about speed, acceleration, position and direction of movements.

Innervation o f the knee joint
The knee joint of the cat is innervated by three nerves which contain afferent fibres 

primarily destined for articular tissues. These nerves are the posterior articular nerve 
(PAN), the medial articular nerve (MAN) and the lateral articular nerve (LAN). 
The PAN is the largest and most constant of the knee joint nerves. It arises from the 
posterior tibial nerve, usually just below the popliteal fossa, and innervates the posterior 
capsule, the posterior fat pads, the posterior oblique ligament, the medial and lateral 
collateral ligaments, the posterior cruciate ligament, and the posterior parts of the an
nular ligaments surrounding the lateral and medial menisci (Gardner 1944; Skoglund 
1956; Freeman & Wyke 1967a). In some animals, afferent fibres from the popliteus 
muscle take their course in the PAN (McIntyre et al. 1978a). The MAN arises in the 
antero-medial region of the thigh as a branch of the saphenous and/or the obturator 
nerves. This articular nerve appears to be distributed to the medial and antero- 
medial aspect of the fibrous capsule, the medial collateral ligament, the medial menis
cus, the ligamentum patellae, the infrapatellar fat pad, and the medial part of the patel
lar periosteum (Gardner 1944; Skoglund 1956; Stener 1959; Freeman & Wyke 1967a). 
The most inconstant of the knee joint nerve is the LAN, which, when present, 
takes a recurrent course after branching from the common peroneal nerve and supplies 
the capsule of the superior tibio-fibular joint, the infero-lateral tissues of the knee joint, 
and the peroneal muscles (Gardner 1944; Skoglund 1956; Freeman & Wyke 1967a). In 
addition to the primary articular nerves (i.e. PAN, MAN and LAN), the knee joint is 
usually also innervated by a number of small intramuscular articular nerves, which arise 
within the substance of the muscles from branches of the main muscle nerves. 
Such accessory articular nerves have been found in the quadriceps, in the sartorius and 
in the gastrocnemius muscles (Freeman & Wyke 1967a). They may innervate the medial 
and posterior capsule, ligamentum patellae, the infrapatellar fat pad, and the upper end 
of the medial collateral ligament (Freeman & Wyke 1967a). Notably, while it is known 
that the capsule is innervated by several nerves and that the posterior cruciate ligament 
is innervated at least by the PAN, very little is known about the nerve supply of the 
anterior cruciate ligament.

Projections o f knee joint afferent activity to supraspinal structures
Pathways from the knee joint afferents have an extensive divergence in the spinal 

cord (Craig, et al. 1988). After entering the spinal cord, the sensory inflow from 
the knee joint is conveyed through different spinal and ascending pathways to 
motoneurones and supraspinal structures, including both the cortex and cerebellum. In
formation from knee joint afferents ascend in the dorsal columns and in the spinothalamic, 
spinoreticular, spinocervical and spinocerebellar pathways (Burgess & Clark 1969;
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Lindström & Takata 1972; Kuno et al. 1973; Fields et al. 1977; Maunz et al. 
1978; Meyers & Snow 1982; Harrison & Jankowska 1984; Craig & Kniffki 1985). Ex
periments showing that knee joint receptor afferents may provide information that gain 
access to consciousness (Browne et al. 1954; Provins 1958; Gandevia et al. 1983; Clark 
et al. 1989), has bolstered the view that articular afferents provide the CNS with in
formation relevant to movement and position sense (for reviews, see e.g. Goodwin 1976; 
Matthews 1977).

Reflex effects from knee joint afferents on skeletomotor neurones
Both electrical and physiological stimulation of joint receptor afferents have repeated

ly been reported to evoke reflex effects on a-motoneurones. In early investigations, 
with graded electrical stimulation of knee joint afferents, it was found that a- 
motoneurones were influenced by activity in high threshold joint afferents, but not by 
activity in low threshold (below 2 .0  times the nerve threshold) joint afferents 
(Cohen & Cohen 1956; Eccles & Lundberg 1959; Holmqvist 1961; Holmqvist & 
Lundberg 1961). These findings, together with the observation that most joint receptor 
afferents seem to be active only at or near the end of the joints’ normal working ran
ges (Andrew & Dodt 1953; Skoglund 1956; Burgess & Clark 1969; McCall et al. 
1974; Clark & Burgess 1975; Grigg 1975; Millar 1975; McIntyre et al. 1978ö; 
Carli et al. 1979; Ferrell 1980; Grigg & Greenspan 1977; Rossi & Grigg 1982; Aloisi 
et al. 1988), have made it commonly believed that joint receptors are likely to act as 
limit detectors", which regulate the excitability of the muscles and hence prevent hy
perextension/hyperflexion of the joints (Lundberg et al. 1978; Baxendale & Ferrell 1981; 
Grigg & Hoffman 1982; Kennedy et al. 1982; Rossi & Grigg 1982; Schaible & Schmidt 
1983; Zimny 1988a). Yet, the facts which constituted the basis for this simple view 
on the function of joint receptors has recently been somewhat modified by the obser
vation that a considerable proportion of the knee joint afferents are ‘mid-range’ 
units (Ferrell 1980). Also, it has been shown that low threshold joint afferents may 
evoke reflex effects in a-motoneurones (cf. Lundberg et al. 1978).

In most studies with natural stimulation of joint receptor afferents, either mechanical 
stimulation of the capsule or rather nonspecific stimulation of different joint structures 
(mostly then also involving the capsule) has been employed. Many of these studies 
have been made with EMG used as the assessment technique, which is a relatively 
crude method. Yet, it has been observed for the knee joint as well as for the 
ankle joint, that activation of capsular receptors, by passive joint movements and by 
externally applied pressure, may induce reflex effects on muscles acting at these joints 
(Cohen & Cohen 1956; Andersson & Stener 1959; Ekholm et al. 1960; Grigg et 
al. 1978; Baxendale & Ferrell 1981; Baxendale et al. 1987, 1988; Freeman & 
Wyke 1967&). In investigations with direct recording from joint afferents, it has 
been shown that increased intra-articular pressure in the knee joint, which is 
believed to mainly stimulate receptors in the capsule, powerfully excites joint afferents 
(Andrew & Dodt 1953; Grigg et al. 1982; Wood & Ferrell 1984; Ferrell et al. 1986; 
Ferrell 1987). In yet other studies, with EMG or monosynaptic testing technique, it has 
been demonstrated, that increased intra-articular pressure in the knee joint may elicit 
inhibitory reflex effects on a-motoneurones projecting to muscles around the joint (Ek
holm et al. 1960; deAndrade et al. 1965; Spencer et al. 1984; Iles et al. 1984; Fah
rer et al. 1988; Wood et al. 1988). It has also recently been reported that receptor ac
tivation due to acute knee joint inflammation (experimentally induced by intra-articular
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injection of carrageenan and kaolin) can alter the magnitude of the flexion withdrawal 
reflex of cat knee joint flexors (Ferrell et al. 1988; see also He et al. 1988).

The role of ligamentous sensory endings in the reflex regulation of the muscle ac
tivity seems to be of particular clinical relevance in the light of the importance of the 
neuromuscular system for maintaining functional joint stability (Goldfuss et al. 1973; 
Markolf et al. 1976; 1981; Noyes et al. 1984; Baratta et al. 1988). Unfortunately, com
pared to the information available on effects elicited from capsular receptors, the 
knowledge about reflex effects evoked by natural stimulation of sensory endings in liga
ments is extremely sparse. In a few studies with EMG or monosynaptic testing tech
nique, it has been reported that the activity in the hamstrings and the quadriceps muscles 
might be altered by increased tension in the medial collateral ligament (Palmer 
1958; Ekholm et al. 1960) or in the anterior cruciate ligament (Solomonow et al. 1987). 
However, some of these authors (Palmer 1958; Ekholm et al. 1960) do not explicit
ly account for the loads used, while others (Solomonow et al. 1987) used quite for
ceful stretches of the ligaments. There are also conflicting studies (Andersson & Stener 
1959; Stener 1959; Petersén & Stener 1959; Pope et al. 1989; Grabiner et al. 
1989) demonstrating that ligament stretches do not exert much influence directly on the 
skeletomotor system, at least at moderate loads. Thus, although some information is 
available, further studies have to be performed in order to clarify the function of 
the ligamentous sensory systems in the reflex regulation of the muscle activity.

Reflex effects from knee joint afferents on fusimotor neurones
During the 1960’s, important contributions to our knowledge of the morphology and 

physiology of articular sensory systems were made by Freeman and Wyke. In addition 
to their results on the behavioural characteristics of joint receptors (Freeman & Wyke 
1967a), these authors found, that mechanical stimulation of articular structures 
caused ‘reflex changes in motor unit activity in the leg muscles' (Freeman & Wyke 
1967b), and further, that partial denervation of the cat knee joint produced specific and 
persistent changes in posture and gait (Freeman & Wyke 1966). Based on these find
ings they concluded that reflexes from articular mechanoreceptors are ‘significantly in
volved in the normal reflex coordination o f the muscle tone in posture and movement\ 
and proposed, on indirect evidence, that these receptors ‘operate polysynaptically via 
the gamma motoneurone loop9 (Freeman & Wyke 1967b; Wyke 1981; cf. also Ekholm 
et al. 1960).

The first observation that joint receptor afferents in fact can affect the activity of y- 
fibres was made by Voorhoeve & van Kanten in 1962. Some years later, with micro
electrode recordings from unclassified y-motoneurones, Grillner et al. (1969) found that 
these cells could be excited as well as inhibited during stimulation of high 
threshold PAN afferent fibres. Moreover, with indirect evaluation of fusimotor reflex 
effects by recording from primary muscle spindle afferents, McIntyre et al. (1978b) 
have showed that electrical stimulation of the PAN might activate static fusimotor 
neurones. Recently, it was also shown that nonspecific natural activation of knee joint 
afferents from the ipsilateral (He et al. 1988) as well as from the contralateral hind 
limb (Appelberg et al. 1979, 1981) can change the activity in fusimotor neurones.

Thus, it is known that activation of joint afferents may induce reflex effects on the 
y-muscle-spindle system. However, in order to elucidate the functional role of joint 
reflexes on the y-muscle-spindle system, and thereby also the validity of Freeman and
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Wyke’s hypothesis, a number of questions remains to be answered. For instance, how 
common and potent are the fusimotor reflex effects evoked by joint afferents? Are 
static and dynamic 7 -motoneurones influenced similarly or differently during activa
tion of joint afferents? How many synapses are there in the different reflex path
ways from the joint nerves to the 7 -motoneurones? How do low and high threshold 
joint afferents affect the ymotoneurones? May natural activation of receptor af
ferents from different specific joint structures (e.g. capsule and ligaments) influence the 
7 -motoneurones potently enough to significantly alter the activity in the muscle 
spindle afferents? If the spindle afferents are influenced, are then both the dynamic and 
static sensitivity affected. Are there any differences as to how spindle afferents 
from different muscles are influenced?

The aims o f the present investigation
The general object of this series of investigations was to study reflex effects on the 

Y-muscle-spindle system evoked by natural and electrical stimulation of articular recep
tor afferents, and thereby investigate hypotheses that joint receptor afferents con
tribute to the normal regulation of muscle tone through reflexes on the 7 -muscle-spindle 
system (Freeman & Wyke 1967b) and that this mechanism may serve to regulate joint 
stiffness and joint stability (Paper I). The specific aims can be summarized in the fol
lowing points:

•  With micro-electrode recordings from a large sample of 7 -motoneurones (clas
sified as static or dynamic) and with graded electrical stimulation of the PAN (Paper 
I), examine (i) the responsiveness (i.e. number of cells with effect/number of cells 
tested), (ii) the occurrence of excitatory and inhibitory reflex effects, and (iii) 
the thresholds and (iv) segmental latencies for the effects evoked.

•  With recordings from single GS primary muscle spindle afferents (Paper II), (i) in
vestigate whether natural (pressure on capsules and joint movements) and electrical 
stimulation of hind limb joint receptor afferents can induce significant changes 
in muscle spindle afferent responses, via reflex actions on fusimotor neurones, 
and (ii) clarify and compare the types and sizes of the fusimotor reflex effects 
evoked by stimulation of ipsi- and contralateral joint receptor afferents.

•  Develop a new technique which permits assessment of simultaneously evoked 
fusimotor reflexes on several single muscle spindle afferents from the same or dif
ferent muscles (Paper III). This was deemed important in order to examine and 
compare the fusimotor reflex effects evoked on different spindle afferents in absence 
of the biasing action caused by spontaneous variations in the descending fusimotor 
drive and in the setting of the spinal interneuronal network.

•  With histological technique investigate the cat cruciate ligaments with regard to the 
occurrence of different types of sensory endings (Paper V), and thereby disclose the 
types of receptors that might be activated by increased tension in these ligaments.

•  With the method described in Paper III, (i) investigate whether natural stimula
tion (i.e. increased tension) of the PCL (Papers IV and VI) and the ACL 
(Paper VII) may evoke fusimotor reflex effects, which are potent enough to 
cause changes in the activity of muscle spindle afferents from a flexor (PBSt) and 
an extensor (GS) muscle acting at the knee joint, and (ii) reveal and compare 
the types and sizes of the fusimotor reflex effects evoked by stimulation of the 
PCL and the ACL on GS and PBSt muscle spindle afferents.
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METHODS

Paper I
This report is concerned with reflex effects on static and dynamic hind limb y-moto- 

neurones evoked by graded electrical stimulation of knee joint afferents. A full account 
of the general methods employed has been given in previous papers (Johansson 1981; 
Appelberg et al. 1983a). This section is therefore mainly restricted to methodologi
cal aspects related to the identification and classification of y-motoneurones, to the 
preparation and stimulation of the PAN, and to the estimation of the latencies and the 
thresholds of the evoked reflex effects.

Preparation
The experiments were performed on a-chloralose anaesthetized cats. The experimen

tal setup is shown in Fig. 1 . Two laminectomies were always made. One of them ex
posed the lower thoracic cord (Thi2 - TI113) where the dorsal column and the en
tire right half of the spinal cord were removed over a distance of about 10 mm at 
the Thi3 level (i.e. semi-spinalization). The other laminectomy was performed to ex
pose the spinal cord at the L4 - Si level. In addition to these laminectomies, two 
craniotomies were made, one over the right mesencephalon (for electrical stimulation 
of the rubral region), and the other over the posterior part of the cerebellum (for sur
face recording from the left paramedian lobule). A number of muscle nerves in the 
left hind limb were dissected and prepared for electrical stimulation.

Identification and classification o f the ycells
Extra-, juxta- and intracellular micro-electrode recordings were made from single 

ventral horn cells. A cell was identified as a y-motoneurone when an antidromic all- 
or-nothing potential, with fixed latency, could be evoked by stimulation of one par
ticular muscle nerve, and when the conduction velocity of the axon was below 55 m/s 
(cf. Leksell 1945; Kuffler et al. 1951; Eccles et al. 1960). Most of the y-motoneurones 
were classified as static or dynamic using the indirect method of mesencephalic stimula
tion (electrical stimulation of the rubrobulbospinal path in the MesADC is known to 
exert selective influence on dynamic y-motoneurones, for details of this classification 
method, see Jeneskog & Johansson 1977; Appelberg 1981; Johansson 1981; Appelberg 
et al. 1982a). Stimulation of the mesencephalon was performed via two separate 
sets of stereotaxically guided glass-insulated platinum-iridium electrodes. A selective ac
tivation of the rubrospinal tract (NR) was obtained by stimulation of the interposito- 
rubral fibres (Baldissera et al. 1972). Stimulation of presynaptic interpositorubral fibres, 
rather than of rubral cells, was indicated by a prolongation of the latency of the 
rubrospinal volley recorded on the dorsolateral aspect of the thoracic spinal cord (DLF). 
The rubrobulbospinal path was stimulated in the MesADC-region, which includes 
the dorsocaudal part of the red nucleus and the region caudal and just dorsal to 
that structure (Jeneskog & Johansson 1977; Appelberg 1981). The position of the 
MesADC electrodes was judged as satisfactory when, with a short-train stimulation, 
a typical ‘staircase’ shaped volley could be recorded from the DLF in absence of a 
rubrospinal volley, and when, at the same time, a short latency (below 8.5 ms) Di -
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Fig. 1. Schematic picture showing the different stimulation and recording sites (Paper I). Reflex effects evoked 
by single-shock stimulation of the PAN (Stim. PAN) were assessed with micro-electrode recordings from 
single ventral horn cells (Ree. 7  -cells). Each cell was identified as a 7 -motoneurone according to the con
duction velocity of its axon calculated from the latency of the antidromic response induced by electrical 
muscle nerve stimulation (Stim. muscle nerves). Classification of the 7  -cells as static and dynamic was ob
tained using the indirect method of mesencephalic stimulation (Stim. MesADC). The correct placement of the 
MesADC electrodes was achieved by checking that stimulation in the MesADC evoked a rubrobulbospinal 
volley, recorded on the dorsolateral aspect of the thoracic spinal cord (Ree. DLF), but not a rubrospinal vol
ley, while stimulation of the rubrospinal tract (Stim. NR) gave a rubrospinal but no rubrobulbospinal volley, 
and by recording the latency for the appearance of the climbing fibre response on the paramedian lobule of 
the posterior lobe of cerebellum (Ree. PM). The incoming PAN volley to the dorsal root entry zone was 
recorded (Rec. DR) in order to determine the thresholds for the evoked reflex effects and for calculation of 
the segmental latencies. The threshold for the most excitable fibres in the PAN was assessed by record
ing from the sciatic nerve (Ree. sciatic nerve). For further details, see text. (Modified from Johansson 1988)
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zone climbing fibre response appeared at the surface of the left paramedian lobule (PM) 
of the posterior lobe of the cerebellum. Special care was always taken to confirm that, 
while a rubrospinal volley was elicited by rubral stimulation, no such volley was evoked 
by the rubrobulbospinal stimulation.

Stimulation o f the PAN
As a standard routine, the dissected and cut central end of the PAN was sub

jected to single-shock stimulation at 1-2/s. The intensities of the stimulations were al
ways graded in multiples of the stimulation strength (1.0 T  ) at which an early nega
tive cord dorsum potential appeared (cf. Holmqvist 1961; Carpenter et al. 1963; Lundberg 
et al. 1978), recorded by a monopolar silver ball electrode on the dorsal root entry 
zone (DR). The early negative cord dorsum potential was found to correspond to 1.2- 
1.3 times the threshold for the most excitable fibres in the PAN, determined by record
ing from the sciatic nerve. Assessment of the thresholds for the responses was per
formed by changing the intensities by steps of 0.05-0.10 T.

Measurements o f response latencies
The latencies were assessed from a series of responses at each stimulation intensity. 

First the latency from the stimulus artifact to the appearance of the cell response was 
measured. From this value the peripheral conduction time (i.e. from the stimulation 
electrode to the recording electrode at the dorsal entry zone), for the fastest conduct
ing joint nerve afferents, was subtracted (assumed conduction velocity 90 m/s, cf. Boyd 
& Davey 1968; Burgess & Clark 1969; Lundberg et al. 1978; Ferrell 1980). Thus, 
each latency value represents the time from the presumed arrival of the activity in the 
fastest joint afferents at the site of the dorsal root entry zone electrode to the 
onset of the cell response.

Data processing and analysis
The cell responses and cord dorsum potentials were stored on magnetic tape, and all 

analysis was performed off-line. These data were then superimposed on an oscilloscope 
display, and the averaged responses and potentials were calculated by aid of an averag
ing computer and a desktop calculator, and plotted on a X-Y plotter (for details, 
see Appelberget al. 1983«). Thus, all measurements were made on the averaged records. 
The occurrence of excitatory and inhibitory reflex effects was evaluated on the 
basis of conventional criteria.

Papers II, III, IV, VI and VII
In these papers the same general method for the recording of reflex induced altera

tions in the sinusoidal response of muscle spindle afferents was used. A brief sum
mary of the general method and specific methodological aspects related to the separate 
investigations are given in this section. For a detailed account of the anaesthesia, 
preoperative care, setup and preparation, see Appelbergef al. (1981, 1982b, 1984, 1986).

Animals and preparation
The experiments were performed on cats anaesthetized with a-chloralose. Arterial 

blood pressure, end-expiratory CO2 and temperature were continuously monitored,
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and kept within the physiological limits throughout the experiments. Arterial blood 
samples were taken regularly for analysis of the acid base status on a blood gas 
analyzer. The arterial pH was kept above 7.39, if necessary by infusion of sodium 
chloride acetate or of sodium bicarbonate solutions.

The ipsilateral hind limb. In the ipsilateral hind limb conventional nerve-muscle 
preparations were made for lateral gastrocnemius, plantaris and soleus muscles (GS), 
and for posterior biceps and semitendinosus muscles (PBSt). The medial gastrocnemius 
was routinely removed. For the muscles prepared, resting lengths and maximum 
physiological lengths were determined in situ and marked by appropriate reference labels 
in the surrounding tissues. The tendons were then disconnected from their points of in
sertion and tied to two separate stretching devices. Apart from the GS, the PBSt 
and the knee joint nerves, the ipsilateral hind limb was extensively denervated. However, 
the tibial nerve was left intact, in order to permit natural stimulation of sensory en
dings in the capsule and in the cruciate ligaments. The femoral nerve was left in
tact in the experiments in which reflex effects evoked from receptors in the ACL were 
studied, and in one of the experiments in which the PCL was stimulated. In some of 
the experiments (Paper II), the PAN and/or the sural nerve were dissected free and cut 
distally, so that their proximal ends were accessible for electrical stimulation (cf. Skoglund 
1956).

To get access to the cruciate ligaments, an anterior midline incision was made 
just below the patella. The intra-articular fat pad was removed. When the PCL was 
prepared it was necessary to cut the ACL. A metal wire or a braided thread was 
passed around the PCL or the ACL (cf. Stener 1959), so that a traction force 
could be applied later on during the experiment (see below: Reflex stimulations).

The contralateral hind limb. This limb was either allowed to remain intact throughout 
the experiment, operated on during the course of the experiment, or operated on at the 
beginning of the experiment. In the latter experiments, the GS and the PBSt 
muscles were prepared with intact nerve supply and, with exceptions for these ner
ves and the femoral nerve, the contralateral limb was denervated to the same extent 
as the ipsilateral one. In three of these experiments, the PAN was dissected, cut 
and prepared for electrical stimulation (cf. Skoglund 1956). In some of the animals, in 
which the contralateral limb was left intact initially, attempts were made to investigate 
the specific contribution from contralateral joint afferents to fusimotor reflexes 
evoked by manipulation of the intact limb (Paper II). This was performed by interfer
ing with different categories of receptor afferents (i.e. muscle, cutaneous and joint af
ferents), either surgically by cutting nerves or tendons or by removal of the skin, 
or functionally by intra-articular injections of local anaesthetics (see below: Reflex 
stimulations).

Fixation o f the limbs. The ipsilateral hind limb was always carefully immobilized 
with pairs of horizontal pins inserted into the femur and the proximal and distal parts 
of the tibia. In the experiments in which the contralateral limb was prepared, this limb 
was fixed in the same way as the ipsilateral one. When the contralateral limb was left 
intact, this limb was pinned to the metal frame only at the pelvis, so that the hip, 
knee and ankle joint could be easily manipulated. The fixations were made in order 
to prevent any mechanical interactions between the reflex stimulations and the ipsilateral 
GS or PBSt muscles.



12 Per Sjölander

The spinal cord. A laminectomy exposing the spinal cord from Thi2 to Si was 
regularly performed, and some of the animals were spinalized at Thi2, L3 or L4, either 
during the initial operation or later on during the course of the experiment.

Reflex stimulations
Paper II. In this investigation both natural and electrical stimulation of ipsi- as well 

as contralateral joint receptor afferents were made. The natural stimulations used in
cluded: (i) tonic pressure applied to the latero-frontal aspects of the ipsi- and con
tralateral knee joint capsules (cf. Skoglund 1956; Ekholm et a i  1960; Schaible et 
al. 1986; Baxendale et al. 1987), (ii) tonic pressure applied to the lateral aspect of the 
contralateral ankle joint, and (iii) manually performed extension or flexion (up to max
imum joint angles) of the contralateral hip, knee and ankle joints together, or separate
ly (cf. Skoglund 1956; Burgess & Clark 1969; Grigg 1975; Rossi & Grigg 1982; 
He et al. 1988). In the experiments in which significant reflex effects were elicited by 
natural stimulation, attempts were made to assess the actual contribution from joint 
receptor afferents. This was achieved by selectively abolishing the stimulation in
duced activation of joint receptors with intra-articular injections of 0.2-0.4 ml lidocaine 
hydrochloride (Xylocard: 200 mg/ml, Hässle; Xylocain: 40 mg/ml, Astra) (cf. Clark et 
al. 1979; Ferrell 1980; Baxendale & Ferrell 1985).

The electrical stimulation of the ipsi- and contralateral PAN was performed with 
bipolar silver hook electrodes. Repetitive stimulation at 40 and 100 Hz was used 
and the intensities of the stimuli were graded in multiples of the stimulation threshold 
(T  ) for the most excitable fibres running in the PAN (17  ), determined by recording 
from the sciatic nerve.

Paper III. The reflex stimulations in this study consisted of (i) tonic stretch of 
the ipsilateral GS and PBSt muscles, (ii) repetitive electrical (40 Hz) stimulation of the 
ipsilateral sural nerve with different stimulation intensities, (iii) extension of the con
tralateral hip, knee and ankle joints together, (iv) flexion of the contralateral knee and 
ankle joint together, (v) flexion and extension of the contralateral ankle joint, and (vi) 
tonic pressure on the frontal aspect of the contralateral knee joint applied distally 
to the patella.

Papers IV  and VI. Receptor afferents in the ipsilateral PCL were stimulated by pull
ing the metal wire which was tied around the ligament. The standard traction for
ces applied were 5-40 N (measured with a dynamometer). On occasions, gradually in
creased loads ranging from 5 to 40 N were used in order to assess the dependence 
between the size of the fusimotor effect evoked and the size of the load applied.

Paper VII. The stimulation of the ACL was performed in an almost identical 
way to that of the PCL. The only differences were that a braided thread was used in
stead of a metal wire and that traction forces up to 70 N sometimes were used.

All different types of natural stimulations were performed as standardized and 
reproducible sequences, always applied 10-15 s before and maintained during the 
data sampling.



A Sensory Role for the Cruciate Ligaments 13

Stimulation o f the receptor bearing muscles
The ipsilateral GS and PBSt muscles, which were connected to electromagnetic pullers 

(in Paper II, only the GS muscle), were continuously stretched and released (be
tween 10  and 2  mm below the maximum physiological length) using ramp-and-hold 
command signals (velocity of stretch = 10 mm/s; plateau duration = 15 s). Repetitive 
sinusoidal stretches at 1 Hz for the GS and 0.9 Hz for the PBSt muscles were super
imposed on the plateaus of the ramp-and-hold stretches (cf. Fig. 2A  ).

Recording and analysis
Recording. Functionally single muscle spindle afferents were dissected from cut dor

sal root filaments and placed on silver-wire recording electrodes. To discriminate be
tween spindle afferents and Golgi-tendon organs, twitch-tests (Matthews 1933; Hunt & 
Kuffler 1951; Matthews 1972) were performed using maximal contractions. The afferents 
were classified as primary or secondary spindle afferents on the basis of their conduc
tion velocity (division line at 72 m/s, cf. e.g. Boyd & Davey 1968; Hulliger 1984).

Any change of fusimotor activity was assessed indirectly, by monitoring the respon
ses of functionally single spindle afferents to sinusoidal stretching of the receptor bear
ing muscles. In the study accounted for in Paper II only one GS muscle spindle af
ferent was recorded from on every occasion. This recording technique was then further 
developed (Paper III), so that recordings could be made simultaneously from 2, 3 
or 4 single muscle spindle afferents from a flexor (PBSt) and/or an extensor (GS) 
muscle (Papers III, IV, VI and VII). Recordings of afferent responses to sinusoidal 
stretches were only made during the plateau phase (at 2  mm below the maximum 
physiological muscle length). The methods used for recording, processing and 
analysis of primary spindle afferent responses are shown in Fig. 2.

Processing o f afferent responses. Changes in fusimotor effects were assessed by com
paring control and test responses. The control responses were recorded in absence 
of any intentional reflex stimulation, whereas the test responses were obtained 
during ongoing stimulation of joint receptor afferents (see above, Reflex stimula
tions). The instantaneous firing frequency was calculated from the afferent responses 
and displayed on the oscilloscope (Fig. 2B). The afferent responses were averaged for 
10 successive sinusoidal stretching cycles (Fig. 2B), and the averaged responses 
were displayed as cycle histograms, which show the probability density of firing 
throughout the sinusoidal stretch cycle (Fig. 2B). To the histograms simple sinusoids 
were fitted by the use of a least square algorithm method which ignored periods of 
afferent silence (Hulliger et al. 1911a). Both the averaging and the fitting of the 
sinusoids were performed on-line with a NORD computer.

Analysis. The following parameters of the fitted sines were taken as quantitative es
timates of the afferent responses (Fig. 2C); (i) the mean rate of discharge ("fitted 
mean"), (ii) the depth of modulation, and (iii) the phase. These response parameters 
for a number of control-test pairs were sampled in order to assess the stability and 
degree of consistency of the evoked changes in fusimotor activity. Thus, for each unit 
and for every control-test pair, the numerical values of the fitted mean, the depth 
of modulation and the phase, were stored on files for off-line statistical analysis 
and construction of scatter diagrams (Fig. 2C).
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Assessment o f fusimotor effects. The criteria used in this study for classification 
of fusimotor reflex activation are based on earlier investigations with controlled electri
cal stimulation of functionally single y-efferents (Crowe & Matthews 1964a,b; Appel- 
berg et al. 1966; Matthews 1972; Hulliger et al. 1977a, b ; Emonet-Dénand et al. 1977; 
Hulliger 1979; Appelberg et al. 1982b). The occurrence of predominantly dynamic 
fusimotor reflex activation was inferred when there was (1) a clear increase in 
depth of modulation of the fitted sine of the test responses compared to the control 
responses, combined with (2) a moderate increase in fitted mean, and (3) occur
rence of afferent silence during the release phase of the sinusoidal stretching (cf. Fig. 
2  C).

An increase in predominantly static fusimotor activity was inferred when there 
was (1) an appreciable decrease in depth of modulation of the fitted sine of the 
test response, combined with (2) a sizable increase in fitted mean, and (3) an absence 
of afferent silence during the release phase of the sinusoidal stretching.

An increase in mixed (both static and dynamic) fusimotor reflex activation was in
ferred when there was (1) a relatively small change in depth of modulation, combined 
with (2 ) a large increase in fitted mean, and (3) absence of afferent silence during the 
release of sinusoidal stretching.

Moreover, the type and size of the evoked fusimotor reflex effects were also es
timated quantitatively by comparing the reflexly induced changes in the fitted sine 
characteristics (test values minus control values for fitted mean and depth of modula
tion) to the changes known to be evoked in responses from GS primary spindle af
férents by selective electrical stimulation of single static, of single dynamic and of both 
static and dynamic fusimotor fibres. Based on the data from Hulliger et al. (1977h) 
calculations were made (Appelberg et al. 1982b) of the slopes of the reference 
lines used for these comparisons (labeled *£, + yo and yo, see the scatter diagram
in Fig. 2C).

Fig. 2. Schematic diagram illustrating the methods used for recording, processing and analysing the sinusoidal 
responses of single muscle spindle afferents (Paper II, III, IV, VI and VII). A: simultaneous recordings 
of the muscle spindle afferent discharges (exemplified by a recording from a primary spindle afferent 
from the GS muscle), the muscle force, and muscle length (in relation to the maximum physiological length, 
which represents 0 mm) were performed. B: the instantaneous firing frequency was calculated on-line. For 
both control and test conditions, responses to 10 successive sinusoidal stretching cycles were averaged. 
The averaged control (left-hand histogram) and test (right-hand histogram: increased tension of the ACL was 
used as test) responses were plotted against the phase of the stretch cycle, and simple sinusoids were fitted 
to each histogram. C: the mean rate of discharge (fitted mean), the amplitude (depth of modulation), and 
phase of the fitted sines were taken as quantitative estimates of the responses. The numerical values of these 
parameters, for each pair of control and test responses, were stored for off-line statistical analysis and con
struction of scatter diagrams. The assessment of the type of induced fusimotor reflex effect (i.e. static, dynamic 
or mixed static and dynamic) was deduced on the basis of earlier investigations with controlled electrical 
stimulation of static and dynamic y  -fibres. In the scatter diagram, the slope of the line labeled y  D shows 
the ratio (1.07) of the changes in modulation/changes in fitted mean found with selective electrical stimula
tion of dynamic fusimotor fibres projecting to the GS muscle. The line labeled y  S (ratio -0.47) shows the 
corresponding changes obtained with selective electrical stimulation of static GS fusimotor fibres and the line 
labeled yS  + yD  (ratio 0.24) the changes evoked by combined stimulation of static and dynamic fusimotor 
fibres (see Appelberg et al. 1982b, where data from Hulliger et al. 1977b were recalculated and replotted). 
For further details, see text.
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Skeletomotor activity. In most of the experiments (Papers III, IV, VI and VII), 
the occurrence of any skeletomotor activity was detected by observing the display 
of the muscle force signals (recorded via the electromagnetic pullers: lowermost detec
tion limit = 0.01 N) on the oscilloscope (Fig. 24). In some experiments the EMG ac
tivity from the GS and PBSt muscles was recorded, using needle or surface electrodes 
(Papers II and III). With the latter type of electrodes, large surface areas were recorded 
from, while needle electrodes were used to gain access to muscle fibres lying in 
the deeper portions of the muscle.

Paper V
This histological investigation was undertaken in order to determine which types 

of sensory endings the cat cruciate ligaments contains.

Preparation
Seven cruciate ligaments (4 PCL and 3 ACL) from the knee joint of adult pentobar

bitone sacrificed cats were used. The cruciate ligaments were carefully dissected im
mediately after sacrificing the cats. In order to permit histological investigation also of 
the cartilage and bone attachments of the ligaments, these were prepared together with 
the tibial and the femoral condyles. Usually the fresh ligament-bone specimens were 
frozen in normal saline solution for storage and further processing. Before staining the 
frozen tissue samples were thawed and decalcified in 40% formic acid in vacuum.

Staining
The ligament-bone specimens were stained en bloc using the modification (Zimny et 

al. 1985) of the gold chloride method described by Gairns (1930). This staining tech
nique was originally applied for demonstrations of nerve endings in skeletal muscle 
(Gairns 1930; Carey 1942; Cole 1946; Boyd 1962), but has recently, in the 
modified form, been used with success in studies made on the human cruciate liga
ments, menisci and temporomandibular articular disks (Zimny et al. 1986; Schutte et 
al. 1987; Zimny 1988b\ Zimny et al. 1988). The modifications introduced by 
Zimny et al. (1985) consist of differences in staining time for the formic acid and the 
gold chloride, and the use of frozen sections instead of teased tissue. After stain
ing, the bone-ligament preparations were frozen and serially sectioned longitudinally at 
10-20 jjon on a freeze-microtome. Each section was mounted on a slide, dehydrated, 
covered with alcoholic gelatin, and then overlaid with a cover-slip.

Classification o f the sensory endings
The serially sectioned specimens were investigated with a light microscope and 

photographed. The nerve endings were classified according to the receptors pre
viously demonstrated in the capsule, collateral ligaments and menisci of the cat (Gardner 
1944; Boyd 1954; Skoglund 1956; Polâcek 1966; Freeman & Wyke 1967a; O ’Con
nor & McConnaughey 1978; Grigg & Hoffman 1982). Despite the fact that the struc
ture of the endorgans varied to some degree, it was usually possible to categorize them 
by carefully investigating the serial sections.
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RESULTS

Paper I
Reflex effects evoked on 71 7 -motoneurones in 21 animals to electrical stimula

tion of the PAN are described in this paper. Thirty-one of the 7 -cells were
recorded from intracellularly, 18 juxtacellularly and 22 extracellularly. The majority of 
the 7 -cells (67 out of 71) were classified as either dynamic or static using electri
cal stimulation of the MesADC (Appelberg 1981; Johansson 1981; Appelberg et al. 
1982a). The 7 -motoneurones projected to the following muscles; 24 to the PBSt (13 
dynamic (D), 10 static (S) and one non-classified (N)), 33 to the GS (20 D, 12 S 
and 1 N), 8  to the ABSm (1 D, 6  S and 1 N), 4 to the DP (2 D, 1 S and 1 
N), and 2 to Tib (1 D and 1 S).

Responsiveness. A high general responsiveness (i.e. number of cells with effect/num
ber of cells tested) was observed for the whole sample of 7 -cells. Thus, the overall
responsiveness figures to stimulation intensities up to 107, were 91.9% for the dynamic
and 93.3% for the static cells.

Thresholds for the effects. For all subpopulations of 7 -cells (i.e. dynamic and static, 
flexor and extensor cells) excitatory as well as inhibitory reflex effects were found at 
both low and high stimulation intensities. Low threshold effects (i.e. effects evoked at 
intensities below 1.67 ) were observed in 70% of a total sample of 40 cells, for which 
the thresholds of the effects were investigated. The mean stimulation intensity (threshold) 
needed to provoke excitatory effects was very similar to that needed to evoke inhibitory 
effects, i.e. 1.41 7  ±0.31 (S.D.) (n =29) and 1.43 ±0.61 (n = 11), respectively.

Frequency o f excitatory and inhibitory effects. The responsiveness and the frequency 
of excitatory and inhibitory reflex effects in 23 PBSt and 32 GS 7 -motoneurones 
are shown in Fig. 3. Among the PBSt cells excitation was predominant, irrespective of 
whether they were dynamic or static, while for the GS cells excitatory and in
hibitory effects occurred with an approximately equal frequency. For four of the GS 
7 -cells mixed effects (i.e. mixture of excitation and inhibition) were encountered.

Latencies and synaptic coupling. The segmental delays for 32 excitatory and 13 in
hibitory effects were determined (see METHODS for details about the calculation of 
the latencies). Comparison between static and dynamic 7 -cells, as well as between flexor 
and extensor cells, revealed no significant differences as regards the latencies for 
the evoked effects. The shortest latencies (2.8 ms) for excitatory effects were clear
ly compatible with a di- or trisynaptic pathway, while the fastest route for in
hibitory effects seemed to be one synapse longer (shortest latency = 3.5 ms).

Variability in reflex effects evoked on the individual y-cells. The individual 7 - 
motoneurones of the present study showed considerable differences in the reflex effects 
evoked from the PAN. Thus, for any given cell, the type (excitation and/or inhibition), 
the threshold or the latency of the effects evoked, could not be predicted either from 
the allocation of the cell to a certain population or from the character of the ef-
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Fig. 3. Relative frequency histograms of reflex actions on PBSt and GS y  -motoneurones elicited by electri
cal stimulation of the PAN. For both GS and PBSt y  -cells the effects on dynamic (D, left-hand 
columns) and static (S, right-hand columns) cells are plotted separately. Intra-, juxta- and extracellularly 
recorded responses are lumped together. The relative frequencies are expressed as percentage of the total 
number of cells within the PBSt and the GS population, respectively.

fects elicited from any other input source (i.e. from muscle and cutaneous afferents, 
cf. Appelberg et al. 1983a,b,c\ Johansson & Sojka 1985).

Paper II
The main purpose of this study was to investigate whether natural and electrical ac

tivation of ipsi- and contralateral hind limb joint afferents evoke reflex effects on 
fusimotor neurones which are potent enough to significantly change the discharge of 
primary muscle spindle afferents. Responses of single primary muscle spindle afferents 
from the GS muscles of 28 cats were investigated during sinusoidal stretching of 
the receptor bearing muscle (GS). By comparing control (in absence of any joint stimula
tion) and test (during ongoing joint stimulation) responses it was possible to determine 
the occurrence, type and size of the induced fusimotor reflex effects.

Reflex effects evoked by electrical stimulation o f the PAN. Electrical stimulation 
of the PAN was used in this investigation in order to compare the fusimotor reflex 
effects elicited on primary spindle afferents with those evoked on y-motoneurones(Paper 
I). One of the 2 primary spindle afferents, which were studied with electrical stimula
tion of the ipsilateral PAN, showed reflex effects compatible with predominantly dynamic
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fusimotor activation, while the changes in the responses for the other afferent indicated 
activation of predominantly static fusimotor neurones. For both these afferents the ef
fects appeared at stimulation strengths of 2.0T. For 7 primary spindle afferents the ef
fects evoked by electrical stimulation of the contralateral PAN were investigated. Only 
one of these afferents was significantly influenced. This afferent exhibited excitatory 
dynamic fusimotor effects with a simulation intensity as low as 1.57".

Reflex effects evoked by natural stimulation o f joint afferents. A total number of 45 
primary spindle afferents were investigated with pressure applied to the ipsilateral knee 
joint capsule. Five of these were reflexly influenced. Of these 5 afferents, 3 exhibited 
inhibition of both static and dynamic fusimotor drive, one showed inhibition of 
predominantly dynamic fusimotor drive, and one was activated via reflex effects on 
dynamic fusimotor neurones.

Altogether, 22 primary afferents were investigated with contralateral knee joint pres
sure used as the reflex stimulus. In this sample, 5 afferents showed excitatory dynamic 
fusimotor reflex effects, one afferent showed mixed static and dynamic effects, 
while 16 afferents were without significant reflex effects to this type of stimulation. 
Two of the afferents, which exhibited reflex effects to stimulation of the con
tralateral knee joint, were found to be similarly influenced by pressure applied to 
the contralateral ankle joint.

For 9 primary afferents, which showed clear-cut fusimotor effects to flexion 
and/or extension o f the intact contralateral hind limb, evidence was obtained for 
the contribution of joint receptor afferents to the evoked fusimotor reflexes. This 
was achieved by interfering, either surgically or with injections of local anaesthetics 
(see METHODS ), with different afferent inputs (i.e. from muscle, cutaneous or 
joint receptor afferents) while extension or flexion of contralateral joints were used as 
reflex stimulation. Out of these 9 afferents, 7 showed predominantly dynamic fusimotor 
effects, while 2  exhibited mixed static and dynamic fusimotor effects.

The reflex nature o f the effects. There are four lines of evidence which suggest that 
the changes in the sensitivity of muscle spindle afferents observed in this investigation 
were due to true fusimotor reflexes rather than to some accidental mechanical interac
tions between the stimuli and the receptor bearing muscle. First, the ipsilateral hind 
limb was always firmly immobilized, by pins inserted into the bones of the pelvis, 
femur and tibia (cf. M ETHODS). Secondly, most units investigated showed a con
siderable response variability in spite of identical mechanical stimulation. Thirdly, deepen
ing of the general anaesthesia, or injecting a local anaesthetic into the synovial cavity 
of the joint, either abolished or greatly reduced the effects. Fourthly, fusimotor effects 
observed during mechanical stimulation of a particular joint disappeared when the joint 
nerves were cut. Furthermore, in 14 of 16 investigated animals, the fusimotor ef
fects elicited by activation of joint afferents were not accompanied by EMG activity 
in the receptor bearing muscle, which indicates that the reflexes were mediated via y  
motoneurones rather than by ß-motoneurones.

Paper III
A prominent finding in the investigations performed at our laboratory on the seg

mental reflex control of lumbar fusimotor neurones has been the great amount of
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variability in the reflex effects evoked by different reflex inputs on the individual y- 
cells and spindle afferents (Papers I and II; Appelberg et al. 1982h, 1983a,b,c,d, 1984, 
1986; Johansson 1981, 1985, 1988; Johansson & Sojka 1985; Sojka 1985;
Johansson et al. 1989). These observations indicate that fusimotor neurones have wide 
and individualized receptive profiles. However, since the studies referred to above were 
made on single 7 -cells or on single spindle afferents, recorded from one at a time, the 
variability in fusimotor reflex effects obtained might partly have been due to spon
taneous fluctuations of descending fusimotor drive and/or to alterations in the setting 
of the spinal interneuronal network. In order to clarify this issue, and to further elucidate 
the complex organization of the interneuronal network projecting to the fusimotor 
neurones, a new technique was developed. This method, which is introduced in this 
paper, permits simultaneous assessment of changes in the responses of several single 
muscle spindle afferents, and thereby investigation of different spindle afferents during 
identical descending and segmental conditions.

In this study, sets of single spindle afferents from the GS and/or the PBSt muscles 
of 5 cats were investigated with regard to fusimotor reflex effects evoked by ac
tivity in ipsi- and contralateral hind limb muscle, skin and joint afferents (see 
METHODS ). It was shown that the method permits simultaneous recordings of up to 
4 single spindle afferents. Although only a few sets (i.e. 3 pairs, one triplet and 
one quadruplet) of afferents were investigated, the results indicated that the 
fusimotor reflex effects evoked on different spindle afferents in a given situation may 
vary considerably. With regard to the individual spindle afferents, a great amount of 
variability, both in type (excitatory and inhibitory, static and dynamic) and size of the 
evoked fusimotor effects, was found during different types of reflex stimulations.

The reflex nature o f the effects. During these experiments, and for both muscles, the 
occurrence of skeletomotor activity and/or mechanical interactions were detected by 
recording the muscle force signals (recorded via the pullers: lowermost detection limit 
= 0.01 N). Neither increased force signals from the GS and PBSt muscles nor 
EMG activity were observed during the stimulations. Therefore, the reflex effects ob
served are tentatively ascribed to activity in y-motoneurones rather than in ß- or a- 
motoneurones.

Papers IV and VI
The aim of these studies was to investigate, using the multi-afferent recording tech

nique described in Paper III, whether activation of receptor afferents in the PCL may 
evoke reflex effects on fusimotor neurones, which are potent enough to cause changes 
in the responses of muscle spindle afferents from the PBSt and the GS muscles. Al
together, 48 muscle spindle afferents (29 primary and 1 secondary from the GS muscle, 
and 17 primary and 1 secondary from the PBSt muscles) were investigated in 10 cats. 
The main finding was that a high proportion of the primary spindle afferents (i.e. 54%, 
17 from GS and 8  from PBSt) were significantly influenced by increased tension 
of the PCL. Small but significant effects were also recorded from the two secon
dary afferents. Fig. 4 shows the type and size of the reflex effects for all the 27 af
ferents which exhibited statistically significant alterations (at 5% level, paired Mest) in 
depth of modulation and/or in fitted mean of the sinusoidal response. Each unit is il
lustrated by a single symbol (squares, PBSt units; triangles, GS units) representing the 
mean values of a number (5-12) of consecutive control-test responses (each control and
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Fig. 4. Scatter diagram showing the average change in sinusoidal response of 18 GS and 9 PBSt muscle 
spindle afferents for which statistically significant reflex effects were evoked by stretch of the PCL. For each 
afferent unit the average change in modulation (triangles: GS afferents; squares: PBSt afferents) is 
plotted against the average change in fitted mean. Symbols representing afferents which were investigated 
simultaneously are connected with lines. The 2 reflexly responsive secondary muscle spindle afferents are 
marked by arrows. Same reference lines as in Fig. 2. The mean values of changes in sinusoidal response 
were, for the primary spindle afferents from the GS muscle (n = 17): 6.1 impulses/s ±7.2 (S.D.) (fitted 
mean), and -1.5 impulses/s ±  6.1 (modulation). The mean values of changes in sinusoidal response 
were, for the primary spindle afferents from the PBSt muscles (n = 8 ): 10.4 impulses/s ±  6.9 (fitted 
mean), and -4.9 impulses/s ±  4.5 (modulation).

test response being the result of 10 averaged sinusoidal stretching cycles). Simultaneous
ly investigated afferents are connected with lines.

Fusimotor reflex effects evoked on PBSt and GS spindle afferents. In Fig. 4 it 
can be seen that stretching of the PCL evoked mainly excitatory reflex effects on both 
GS and PBSt fusimotor neurones. However, for a few afferents, inhibition (symbols in 
the left quadrants of the diagram) of the fusimotor drive seems to have occurred and 
for other afferents, excitatory fusimotor effects seem to be combined with inhibitory 
effects (i.e. blends of excitatory dynamic and inhibitory static, or mixtures of inhibitory 
dynamic and excitatory static effects). Furthermore, the GS afferents showed 
dynamic, static as well as mixed fusimotor reflex effects, while the PBSt afferents ex
hibited only static and mixed reflex effects.

Reflex effects simultaneously evoked on different spindle afferents. The sets of simul
taneously recorded afferents (units connected with lines), in which at least 2  af
ferents exhibited significant reflex effects, revealed a considerable degree of variability 
in the type as well as in the size of the reflex effects evoked. Thus, only in 3 
sets, 2  or more afferents showed reflex actions with the same balance between the 
dynamic and static components of the response. In this context it should be remarked 
that all units in Fig. 4 were recorded in sets together with other units. Thus, all 
the units which are not connected with lines were recorded in sets where the other 
units did not respond to the PCL stretch.
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Fig. 5. Scatter diagram showing the average change in sinusoidal responses of a primaiy spindle afferent 
from the PBSt muscles during application of different loads to the PCL (5 N, 10 N, 20 N and 40 N). For 
each load, the average change in modulation is plotted against the average change in fitted mean. The open 
square (5 N) illustrates non-significant changes in the afferent response, while the filled squares (10 N, 
20 N and 40 N) show significant reflex effects. The average changes in sinusoidal response were with 5 N, 
for fitted mean: 0.9 impulses/s ±3.1 (S.D.), t = -0.7, P>0.05 (paired t-test, n = 7), and for modulation: -0.1 
impulses/s ±  1.4, t = 0.2, P>0.05. The average changes in sinusoidal response were with 10 N, for 
fitted mean: 4.0 impulses/s ±2.5 (S.D.), t=  -3.5, P<0.05 (paired t-test, n = 5), and for modulation: -2.6 im
pulses/s ±1.4, t=  4.1, P<0.05. The average changes in sinusoidal response were with 20 N, for fitted mean: 
4.3 impulses/s ±3.0 (S.D.), t=  -3.1, P<0.05 (paired t-test, n = 5), and for modulation: -3.2 impulses/s ±  2.8, 
t = 2.6, P = 0.06. The average changes in sinusoidal response were with 40 N, for fitted mean: 10.0 impul
ses/s ±5.1 (S.D.), t=  -4.8, P<0.05 (paired t-test, n = 6 ), and for modulation: -7.6 impulses/s ±  3.5, t = 5.3, 
P<0.05. Same reference lines as in Fig. 2 and 4.

A number of the spindle afferents of this study were included in more than one set 
and were thus tested with identical PCL stretch on more than one occasion. For some 
of these afferents the induced reflex effects were found to change spontaneously from 
one test occasion to another. The most common change was from effect to no ef
fect or vice versa, but for a few afferents a change in the character (e.g. from dynamic 
to mixed or static reflexes) of the effects was obtained (see Fig. 5 in Paper VI).

Relationship between the size o f the load and the reflex effects. The standard 
load used to stretch the PCL was 5-40 N. On occasions, gradually increased loads 
ranging from 5 to 40 N were used in attempts to assess the dependence between the 
size of the fusimotor effect evoked and the size of the load applied to the PCL. For 
a primary spindle afferent from the PBSt muscles, the results from such an attempt is 
shown in Fig. 5. In this figure the mean change in modulation and in fitted mean (i.e. 
mean values for a number of consecutive control-test responses; each control and 
test response being the result of 10 averaged sinusoidal stretching cycles) are shown 
for each traction force tested. It can be seen that, for this afferent, the threshold load 
for appearance of the fusimotor effect is to be found between 5 and 10 N and 
that the size of the reflex effect grew further when the load was increased up to 
40 N.

The reflex nature o f the effects. It was evidenced by a number of observations that 
the changes in the responses of the muscle spindle afferents, induced by stretch of the 
PCL, were caused by spinal reflexes due to activity in stretch activated receptor af-
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Fig. 6 . Scatter diagram showing the average change in sinusoidal response of 35 GS (33 primary and 2 
secondary) and 16 PBSt (10 primary and 6  secondary) muscle spindle afferents for which statistically sig
nificant reflex effects were evoked by stretch of the ACL. Primary spindle afferents from the GS and the 
PBSt muscles are displayed separately in A and B, respectively. Secondary spindle afferents from both muscles 
are plotted together in C. For each afferent units, the average change in modulation (triangles: GS afferents; 
squares: PBSt afferents) is plotted against the average change in fitted mean. The mean values of chan
ges in sinusoidal response were, for the primary spindle afferents from the GS muscle (in A): 1.6 impul
ses/s ±  2.4 (S.D.) (fitted mean), and 2.0 impulses/s ±  3.1 (modulation). The mean values of changes 
in sinusoidal response were, for the primary spindle afferents from the PBSt muscles (in B): 0.0 impulses/s 
±  3.4 (fitted mean), and -0.5 impulses/s ± 4 . 1  (modulation). The mean values of changes in sinusoidal 
response were, for the secondary spindle afferents from the GS muscle (in C): 0.4 impulses/s ±  0.2 (fitted 
mean), and 0.4 impulses/s ±  0.4 (modulation). The mean values of changes in sinusoidal response were, 
for the secondary spindle afferents from the PBSt muscles (in C): 3.8 impulses/s ±  5.0 (fitted mean), 
and -1.2 impulses/s ±  0.8 (modulation). The same reference lines as in Fig. 2, 4 and 5.

ferents running in the PAN. First, the ipsilateral hind limb was always firmly immo
bilized, by pins inserted into the bones of the pelvis, femur and tibia (cf. METHODS). 
Secondly, most units investigated showed a considerable response variability in spite of 
identical stretch of the PCL. Thirdly, deepening of the general anaesthesia either abolished 
or greatly decreased the effects. Fourthly, fusimotor effects elicited by stretch of the 
PCL disappeared when the PAN was cut. Furthermore, with exception for two 
units, no increased force signals from the GS and PBSt muscles (recorded via the 
pullers: lowermost detection limit = 0.01 N) were observed during the PCL 
stretches. Therefore, the effects observed are tentatively ascribed to reflexes on y- 
motoneurones rather than on ß- or a-motoneurones.

Paper VII
In this report, fusimotor reflex effects evoked by increased tension in the ACL were 

investigated on 63 primary (45 from GS, and 18 from PBSt muscles) and 15 secon
dary (5 from GS and 10 from PBSt muscles) spindle afferents in 11 cats. It was found 
that activation of ACL receptor afferents elicited clear-cut changes in the sinusoidal 
responses of both primary and secondary spindle afferents, from both the GS 
muscle and the PBSt muscles. The scatter diagrams of Fig. 6  show the type and size 
of the reflex effects evoked on the spindle afferents, for which statistically sig
nificant (paired Mest, P  < 0.05) alterations in fitted mean and/or in depth of modula
tion were encountered. Each afferent unit is illustrated by a single symbol (squares,
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PBSt units: triangles, GS units) that shows the mean values in fitted mean and in 
modulation for a number (5-11) of control test responses (each control and test response 
being the result of 10 averaged sinusoidal stretching cycles).

Fusimotor reflex effects evoked on primary spindle afferents. Fig. 6  (A and B ) 
reveals that increased tension in the ACL elicited excitatory as well as inhibitory 
fusimotor reflex effects in both PBSt and GS primary spindle afferents. Excitatory and 
inhibitory effects occurred with almost equal frequency among the PBSt primaries, while 
excitatory effects predominated for the GS primaries. Moreover, for the majority of 
primary spindle afferents, from both muscles, the induced changes in the sinusoidal 
responses seem to have been caused mainly by reflexes on dynamic fusimotor neurones. 
The difference between GS and PBSt afferents was statistically significant (grouped 
Mann-Whitney test; P  < 0.05) with respect to the average changes both in fitted mean 
and in modulation. Yet, caution in the interpretation of the difference is indicated since 
4 of the 5 in the left hand part of the diagram B  (all except one of the two lower
most units) were simultaneously recorded, and therefore it can not be excluded that a 
setting of the spinal interneuronal network, favourable to inhibition of PBSt 
fusimotor neurones, may have introduced a bias in the sample.

Fusimotor reflex effects evoked on secondary spindle afferents. Eight out of the 
15 investigated secondary spindle afferents exhibited significant fusimotor reflex effects 
on activation of receptor afferents in the ACL (Fig. 6 C). Both excitatory and inhibitory 
fusimotor reflex effects were obtained. The size of the evoked reflex effects were 
surprisingly large for 4 of the secondaries (all from PBSt), while only small chan
ges in fitted mean and/or in modulation were elicited on the other secondary 
spindle afferents (2  from GS and 2  from PBSt).

Simultaneously evoked fusimotor reflex effects. In this investigation, as in Papers III, 
IV and VI, recordings were made simultaneously from sets of single spindle afferents. 
In general, a considerable amount of variability, with regard to the type and the 
size of the fusimotor reflex effects, evoked by stimulation of the ACL, were observed 
on the simultaneously recorded spindle afferents.

Relationship between the size o f the load and the reflex effects. All afferent units of 
the present study were investigated by stretching the ACL with 40 N. However, during 
the investigation of some afferents, loads ranging from 5 to 70 N were used in order 
to determine the threshold load for appearance of the fusimotor reflex effects, and 
to evaluate the relationship between the type and size of the fusimotor effects and the 
degree of stretch applied to the ACL. It was regularly observed that significant fusimotor 
reflex effects appeared at loads just below 30 N, and that the evoked effects increased 
in size when the ligament was further stretched. On one occasion (for a PBSt afferent) 
the type of the evoked reflex effect was also found to change when the traction force 
was increased. This afferent showed inhibition of both static and dynamic fusimotor 
neurones at 30-40 N, but inhibition predominantly of dynamic fusimotor neurones at 
70 N (see Fig. 5 in Paper VII).

The reflex nature o f the effects. There are three lines of evidence indicating that the 
changes in the responses of the spindle afferents induced by stretch of the ACL were 
caused by fusimotor reflexes and not by some accidental mechanical coupling between 
the ACL and the receptor bearing muscles (GS and PBSt). First, the ipsilateral hind 
limb was always firmly immobilized, by pins inserted into the bones of the pelvis,
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femur and tibia (cf. METHODS ), and it was regularly ensured that the stretching 
of the ligament did not cause any visible movements of the receptor bearing muscles. 
Secondly, most units investigated showed a considerable response variability in spite of 
identical stretch of the ACL. Thirdly, deepening of the general anaesthesia either 
abolished or greatly decreased the effects, and the effects could also disappear spon
taneously. Furthermore, for two thirds of the units, no increased force signals from the 
GS and PBSt muscles (recorded via the pullers: lowermost detection limit = 0.01 N) 
were observed during the stimuli. Small force changes were observed in 4 of 11 ex
periments, but the units recorded during these experiments did not stand out from the 
rest of the population. Therefore, the effects observed are tentatively ascribed to reflexes 
on motoneurones rather than on ß- or a-motoneurones.

Paper V
This morphological study was undertaken in order to investigate the occurence of 

different types of sensory endings the cat cruciate ligaments. The cruciate ligaments (4 
PCL and 3 ACL from two cats) were prepared together with the bones of the liga
ment insertion, stained with gold chloride, frozen, and sectioned longitudinally on a 
freeze-microtome. The light microscope examination of the serial sections revealed that 
the ACL as well as the PCL contained 4 different types of nerve endings: (1) Ruf- 
fini endings, (2) Pacinian corpuscles, (3) Golgi tendon organ-like endings, and (4) free 
nerve endings. Although no quantification of the sensory endings was made, it seemed 
that Ruffini endings and Pacinian corpuscles occurred most frequently. Moreover, 
the sensory endings were most densely distributed just beneath the external synovial 
membrane of the ligaments or close to the tibial and the femoral insertions. The fre
quency of occurrence and the location of the sensory endings were very similar for 
the ACL and the PCL.
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DISCUSSION

The results presented in this thesis clearly show that reflex actions of joint afferents 
on both static and dynamic y-motoneurones are strong enough to significantly influence 
the activity of muscle spindle afferents. Mechanical stimulation of the ipsi- and con
tralateral knee and ankle joint capsules were frequently found to evoke potent reflex 
effects on spindle afferent responses from the GS muscle. Moderately increased tension 
of the cruciate ligaments was also shown to regularly and potently change the activity 
of primary as well as secondary muscle spindle afferents from the GS and PBSt muscles. 
The findings indicate that the cruciate ligaments, and probably the capsules as well, 
may play an important sensory role. It is concluded that receptors in the cruciate liga
ments and the joint capsules may contribute, via reflex actions on the y-muscle-spindle 
system, to the regulation of muscular stiffness around the knee joint and thereby to 
the control of joint stiffness and joint stability.

Did joint receptor afferents cause the effects observed?
Electrical stimulation o f the PAN. For electrical stimulation of joint afferents the 

PAN was used (Paper I and II). This joint nerve is the largest of the three main knee 
joint nerves (cf. INTRODUCTION- Innervation o f the knee joint ) and is sufficiently 
constant to permit ready identification and preparation. The PAN is also known to in
nervate various articular structures, i.e. the posterior aspect of the capsule, the posterior 
fat pads, the posterior oblique ligament, the medial and lateral collateral ligaments, the 
posterior cruciate ligament, and the posterior parts of the annular ligaments surround
ing the lateral and medial menisci (Gardner 1944; Skoglund 1956; Freeman & 
Wyke 1967«). It has also been reported that in about every second animal, muscle 
spindle afferents from the popliteus muscle may take their course in the PAN (McIntyre 
et al. 1978ö). Thus, the contribution from muscular receptor afferents to some of 
the observed reflex effects cannot be entirely excluded. Yet, it should be pointed 
out in this context, that reflex effects induced by stimulation of the PAN were en
countered in almost all animals in the present investigation.

Natural stimulation o f joint afferents. In order to activate articular sensory en
dings, different types of physiological stimulation were employed. These stimuli com
prised both rather nonspecific types (passive joint extension and flexion, in Paper 
II), and more specific stimulations of defined joint structures (capsules, in Papers II 
and III; cruciate ligaments, in Papers IV, VI and VII). Most likely, these reflex stimuli 
caused activation of joint receptor afferents, but they may also to some degree 
have influenced cutaneous and muscle receptors in the surrounding tissues. It is 
also conceivable that minor direct mechanical interactions between the stimulus and the 
receptor bearing muscles sometimes might have occurred.

However, several lines of evidence strongly indicate that the changes in spindle af
ferent activity were due to spinal fusimotor reflexes, which were evoked by stimula
tion of articular sensory endings:

•  First, the ipsilateral hind limb was always firmly fixed by metal pins inserted into 
the bones of the pelvis, femur and tibia. Except in the experiments where flexion/ex-
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tension movements of the contralateral hind limb were used as stimuli, this limb 
was also fixed to the metal frame in a similar way as the ipsilateral one. By these 
fixations, it was ensured that the joint stimulations did not cause any discernible 
movement of tibia, femur, receptor bearing muscles, or surrounding tissues.

•  Secondly, most spindle afferents showed a considerable response variability 
despite identical stimulations, indicating variations of the spontaneous fusimotor drive.

•  Thirdly, the observed effects could also disappear spontaneously or as a result 
of deterioration of the spinal circulation.

•  Fourthly, the reflex nature of the effects was further supported by the findings that 
deepening of the general chloralose anaesthesia either wiped out the effects or reduced 
them considerably.

•  Fifthly, possible activation of skin and muscle receptor afferents was always large
ly eliminated by denervations of surrounding structures and in some cases also 
by tenotomies and/or decutanizations (Paper II).

•  Sixthly, fusimotor reflexes evoked by the physiological stimuli were effectively 
abolished by cutting off relevant joint nerves (Papers II, IV and VI), or by intra- 
articular injections of local anaesthetics (Paper II). The latter, "functional denerva
tion" induced by local anaesthesia, has been demonstrated to efficiently silence intra- 
capsular sensory nerve fibres (e.g. Clark et al. 1979; Ferrell 1980; Baxendale & 
Ferrell 1985; Ferrell et al. 1985).

•  Finally, during the experiments in which stretches of the cruciate ligaments were 
used as stimuli, the occurrence of skeletomotor activity and/or mechanical interac
tions were detected by recording the muscle force signals via the pullers. Since the 
recording of the force signals was very sensitive (lowermost detection limit = 0 .01  
N) it seems unlikely that mechanical interactions of any significance between the 
stimuli and the receptor bearing muscles would have escaped detection. For most 
of the units no increased force signals were observed during the stimulations, 
and the units, for which small force changes could be observed, did not stand out 
from the rest of the populations.

The reflexly induced changes in muscle spindle afferent activities were obtained both 
in spinalized and in non-spinalized preparations and were usually not correlated to ex
trafusai muscle activity, as determined by observing the EMG activity or the force 
development of the receptor bearing muscles. Therefore, the reflex effects observed are 
tentatively ascribed to activity in y-motoneurones rather than in ß- or a-motoneurones.

Receptor categories accountable for the reflex effects
Electrical stimulation o f the PAN. In the studies in which knee joint receptor af

ferents were activated by graded electrical stimulation of the PAN (Papers I and 
II), some 7 -cells were found to be influenced only from low threshold afferents, some 
only from high threshold afferents and some from both low and high threshold af
ferents (see below: Responses to electrical stimulation o f joint afferents). May the ef
fects elicited at different intensities be related to stimulation of fibres from different 
types of sensory endings? According to a number of investigations (Skoglund 1956;
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Freeman & Wyke 1967a; Boyd & Davey 1968; Burgess & Clark 1969; Ferrell 1980; 
Heppelmannef al. 1988) it seems that the afferents with lowest thresholds to electri
cal stimulation are fibres from Golgi tendon organ-like endings and Pacinian corpuscles, 
and that the fibres from Ruffini endings and free nerve endings have higher thresholds. 
It should, however, be remembered that there is a considerable overlap between af
ferents from different receptor types with regard to fibre diameter, conduction velocity 
and threshold, and also that the PAN may contain some popliteus muscle afferents (see 
above: Did joint receptor afferents cause the effects observed?).

Natural stimulation o f joint afferents. The occurrence of various types of sensory 
nerve endings in knee joint tissues has been reported in many papers (for referen
ces, see INTRODUCTION - Sensory endings in the knee joint). Thus, in man, 
Golgi tendon organ-like endings, Ruffini endings, Pacinian corpuscles and free nerve 
endings have been found in the knee joint capsule, ligaments and menisci. Different 
types of nerve endings have also been identified in the cat knee joint. Ruffini endings, 
Pacinian corpuscles and free nerve endings have been demonstrated in the cat capsule 
and meniscus, and Golgi tendon organ-like endings, Ruffini endings and free nerve en
dings in the collateral ligaments. Until the morphological investigation presented in Paper 
V, the cat cruciate ligaments were believed to accomodate only Golgi tendon organ
like endings and free nerve endings. However, from Paper V it is clear that the cruciate 
ligaments of the cat also contain Ruffini endings and Pacinian corpuscles. Thus, it 
seems that the cat and the human the cruciate ligaments are endowed with the 
same principal types of nerve endings, which, in this respect, makes the cat a suitable 
animal for studies of the sensory function and patophysiology of the cruciate ligaments.

Neurophysiological studies have revealed that the behavioural characteristics are dif
ferent for disparate morphological types of sensory endings (for references, see IN  - 
TRODUCTION - Sensory endings in the knee joint). Ruffini endings and Pacinian cor
puscles are known to have low thresholds to mechanical deformation, while Golgi ten
don organ-like endings and free nerve endings have higher thresholds. Furthermore, 
Pacinian corpuscles are rapidly adapting, while Ruffini and Golgi tendon organ-like en
dings are slowly adapting mechanoreceptors.

The physiological stimuli used in the present series of investigations (i.e. pressure 
applied to joint capsules, flexion/extension movements of joints and increased ten
sion of the cruciate ligaments) were always applied before, and maintained during, the 
data collections. Since tonic stimuli were used and since the effects nearly always lasted 
as long as, but ceased after termination of, the stimuli, activity in slowly adapting sen
sory endings seems to be the most likely cause for the evoked reflex effects. Con
sidering also that the fusimotor reflex effects were always obtained with mechanical 
stimulations which were kept within the nonnoxious range, it seems that the most like
ly candidates to give the effects accounted for in these reports are Ruffini endings 
and/or perhaps Golgi tendon organ-like endings.

The standard stimulation of the cruciate ligaments used in the present investiga
tion (Paper IV, VI and VII), consisting of a tonically applied low (5-40 N) traction 
force, indicates that most of the observed effects on the spindle afferent responses were 
caused by slowly adapting receptors with low thresholds to mechanical deformation. 
Since the actual threshold loads necessary to elicit reflex actions were only tested 
on a few occasions, it cannot be excluded that the threshold loads sometimes might
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be lower than those found in this investigation (5-10 N for PCL and 30 N for ACL). 
Yet, a load of 5-40 N must probably be regarded as moderate since 210-300 N might 
be used without ligament rupture (cf. also Solomonow et al. 1987). The con
siderable "safety margin" between the thresholds and the forces needed to tear the liga
ments strongly indicates that the reflexes are not of nociceptive character. It is 
worth noting that during normal activity (not strenuous) the human ACL is sup
posed to be subjected to traction forces amounting to about 25% of those necessary 
to tear the ligament (Noyes et al. 1984).

Responses to electrical stimulation o f joint ajferents
Responsiveness, Possibly the most important result obtained in the experiments, in 

which post-synaptic potentials were recorded with micro-electrodes from y-cells 
(Paper I), was the high general responsiveness to electrical stimulation of the PAN, 
demonstrated both for static and for dynamic y-motoneurones (9 3 % of the classified y- 
cells were responsive). A comparison of the responsiveness found, for the same popula
tion of cells, during stimulation of nerves from other hind limb receptor categories, 
reveals that the responsiveness to PAN stimulation was of the same magnitude as that 
found with stimulation of different (sural, peroneal and tibial nerves) ipsilateral cutaneous 
nerves (95% responsive y-cells; Johansson & Sojka 1985), and slightly larger than that 
obtained for activation of group II and III muscle afferents from various ipsilateral 
muscle nerves (8 6 % responsive y-cells; Appelberg et al, 1983b,c). Thus, the divergence 
from this rather thin nerve (which contains relatively few fibres compared to the muscle 
and cutaneous nerves used for stimulation), in the pathways to fusimotor neurones 
projecting to different hind limb muscles, appears to be surprisingly large.

Thresholds. High threshold excitatory and inhibitory effects in response to electri
cal stimulation of the PAN were demonstrated already in the early investigations of 
joint reflexes on y-motoneurones, by recordings from y-cells or y-efferents (Voor- 
hoeve & van Kanten 1962; Grillner et al. 1969). In 1978, McIntyre and coworkers 
(1978fr), in a study in which indirect evaluation of fusimotor activity was made by 
recording from primary muscle spindle afferents, found fusimotor reflex effects only at 
stimulation strengths that exceeded 2  times the threshold for the most excitable 
PAN afferents. These observations contrast with the results obtained from y-cells (Paper
I) as well as with those obtained from muscle spindle afferents (Paper II), which 
showed clear-cut reflex effects at stimulation strengths as low as 1.1-1.5 times the 
threshold for evoking of a compound action potential in the PAN. It is also shown in 
Paper I and II that excitatory as well as inhibitory reflex effects (on flexor and ex
tensor y-cells of both static and dynamic type) can be evoked at both low and 
high stimulation strengths. In addition, with regard to the occurrence of low and high 
threshold excitatory and inhibitory effects, a considerable heterogeneity was found among 
all subpopulations of fusimotor neurones (i.e. flexor and extensor y-cells of both static 
and dynamic type).

General pattem o f effects. From the results reported in Papers I and II it is 
clear that electrical stimulation of the PAN can evoke both excitatory and inhibitory 
effects in flexor and extensor fusimotor neurones of both the static and the 
dynamic type. These results conform to those found by Grillner et al. (1969), but dis
agree with the observations made by McIntyre et al. (1978fr). The latter authors found 
only excitatory fusimotor effects on the spindle afferents investigated, and concluded
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on indirect evidence that these effects were primarily mediated via static fusimotor 
neurones.

Synaptic coupling. The calculations of the segmental delays were partly based on the 
assumption that the effects were transmitted via the most rapidly conducting PAN fibres 
(assumed conduction velocity = 90 m/s, cf. Boyd & Davey 1968; Burgess & Clark 
1969; Ferrell 1980). Although this assumption probably leads to a small over estimation 
of the figures for the shortest segmental delays, it seems likely that the fastest ex
citatory pathway to dynamic y-cells is trisynaptic (cf. Lundberg et al. 1978), or per
haps even disynaptic (cf. Harrison & Jankowska 1985), whereas the fastest ex
citatory pathway to static y-motoneurones and the shortest inhibitory route to both types 
of cells probably includes at least one synapse more.

Responses to physiological stimulation o f joint afferents
Responsiveness. The most prominent finding obtained in Papers II, III, IV, VI 

and VII was that physiologically induced activity in ipsi- as well as contralateral joint 
receptor afferents frequently exerts potent reflex actions on fusimotor neurones, 
which are strong enough to significantly alter the discharge of the muscle spindle af
ferents. A considerable responsiveness was encountered for all different types of mechani
cal stimuli. Thus, 23% of the GS primary spindle afferents studied with pressure 
on the contralateral knee-joint capsule (Paper II), and 28% of the GS primary spindle 
afferents studied with pressure applied to the ipsilateral knee joint capsule (Paper
II), showed significant fusimotor reflex effects. Increased tension in the cruciate liga
ments was found to be even more potent in evoking reflex effects on spindle afferents 
(Papers IV, VI and VII). Out of the total samples of GS and PBSt primary spindle 
afferents, increased tension in the PCL caused significant reflex effects on 54% 
(59% of the GS primaries and 47% of the PBSt primaries), and stimulation of the 
ACL on as much as 6 8 % of the units (73% of the GS primaries and 55% of the 
PBSt primaries). A high general responsiveness (41%) to natural non-noxious stimula
tion of the ipsilateral knee joint, obtained by recording from y-efferents, was recent
ly also reported by He et al. (1988). In the light of these results it may be concluded 
that the activity in knee joint receptor afferents, both from the capsule and cruciate 
ligaments, are significantly involved in the reflex control of the y-muscle-spindle sys
tems of hind limb muscles. The results also seem to indicate that the cruciate liga
ments may play a more important sensory role than hitherto believed.

Although the relative number of spindle afferents responsive to natural stimulation of joint receptors af
ferents appears to be quite high, it might be argued that the responsiveness among the y  -cells to electrical 
stimulation of the PAN was significantly higher. However, since electrical stimulation causes a higher degree 
of synchrony and convergence, it comes as no surprise that physiological stimulation of joint afferents 
yielded a smaller general responsiveness figure.

General pattem o f effects. Both ipsi- and contralateral knee joint receptor stimula
tions were found to evoke excitatory as well as inhibitory fusimotor reflex effects. 
A majority of the GS spindle afferents, which were responsive to increased tension of 
the cruciate ligaments (i.e. both PCL and ACL), showed excitatory effects. All the 
PBSt spindle afferents exhibited excitatory fusimotor effects in response to stretching 
of the PCL, while increased tension in the ACL elicited an approximately equal fre
quency of excitatory and inhibitory responses among the PBSt afferents (cf. RESU LTS- 
Paper VII ). It is interesting to note that inhibitory fusimotor effects were more fre
quently encountered for ipsilateral capsule stimulation. Yet, the overall impression is
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that physiological stimulation of joint receptor afferents in the hind limbs predominant
ly give excitatory fusimotor reflex effects (cf. He et al. 1988).

With recordings from spindle afferents, it is quite likely that the number of inhibitory effects are some
what underestimated. This is due to the fact that some degree of spontaneous activity is necessary for 
the detection of purely inhibitory effects. Furthermore, in semi-spinalized chloralose anaesthetized cats 
most of the dynamic y-motoneurones have been found to be spontaneously active, whilst that seems to be 
the case only for about 30% of the static y -motoneurones (Appelberg et al. 1982a). Thus, it is pos
sible that the number of inhibitory static effects are slightly more underestimated than the number of in
hibitory dynamic effects.

The natural stimulations of joint afferents used in the present series of experi
ments were shown to evoke different types of reflex effects, including pure static, pure 
dynamic as well as mixed fusimotor effects with different amounts of static and dynamic 
influences. For all types of reflex stimuli, except for ipsilateral knee joint pressure, for 
which static, dynamic and mixed effects occurred about equally frequently, a 
majority of the GS primary spindle afferents exhibited pure or predominantly dynamic 
fusimotor effects. This was probably also the case for most of the primary spindle af
ferents from the PBSt muscles during stretching of the ACL. When the PCL was 
stretched, on the other hand, pure static or mixed fusimotor reflex effects seemed 
to predominate on the PBSt primary afferents. Thus, the results show that sensory en
dings in both the capsules and the cruciate ligaments can evoke reflex effects on 
dynamic and static fusimotor neurones, which are sufficiently strong to significantly 
alter the sensitivity of the muscle spindle afferents.

Variability in reflex effects evoked on the individual y-cells and spindle afferents
In a series of investigations from our laboratory, in which recordings were made 

from single y-cells (Paper I; Appelberg et al. 1982a; 1983a,b,c,d; Johansson 1981, 1988; 
Johansson & Sojka 1985; Sojka 1985), it was found that hind limb y-motoneurones 
have very complex and individualized receptive profiles with respect to the pattern 
of reflex effects evoked by electrical stimulation of descending pathways and ipsilateral 
hind limb nerves. The individualized receptive profiles of the y-motoneurones are also 
reflected at the level of the muscle spindle afferents. This has been demonstrated using 
natural stimulation of muscle, skin and joint receptor afferents in the ipsi- as well 
as in the contralateral hind limbs (Papers II, III, IV, VI and VII; Appelberg et al. 
1982ft, 1984, 1986; Johansson 1981; Sojka 1985; Johansson et al. 1989). Based on 
such observations, a complementary view on the role of the y-muscle-spindle system 
was proposed, i.e. "the final common input" hypothesis (Johansson 1981; Appelberg et 
al. 1983c). This hypothesis implies that information mediated by the muscle spindle af
ferents is shaped, not only by variations in muscle length, but to a large extent 
also by the signals from descending pathways and from ipsi- and contralateral peripheral 
nerves (i.e. from muscles, skin and joints). Accordingly, it was suggested that descend
ing messages and peripheral receptor information are integrated in the fusimotor neurones 
and then transmitted to the muscle spindles, where this integrated information under
goes final adjustments according to the ongoing length/tension changes of the parent 
muscle. In this way, the y-spindle system is proposed to constitute a premotoneuronal 
integrative system, which conveys polymodal feedback to the CNS. It seems that 
the intricate reflex regulation of the y-spindle system may, in situations with a high 
gain in the y-spindle loop, be a mechanism well suited to deal with the sophisti
cated coordination between different muscles and perhaps also between various intramus
cular compartments (Johansson 1985; Johansson & Sojka 1985). It has also been
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hypothesized (Johansson & Sojka 1985; Paper III) that the individualized and polymodal 
responses of the primary muscle spindle afferents throw some light on the mechanism 
by which these afferents are capable of providing the CNS with information about the 
positions and movements of the limbs (cf. Goodwin et al. 1972). Since the dif
ferent primary muscle spindle afferents transmit differently composed multisensory in
formation, adjusted in the spindles according to the ongoing movements, to the 
CNS it seems possible that the CNS might extract the complex picture of limb posi
tions and movements from a number of spindle afferents (Johansson 1985).

The results of the present study demonstrate that, behind the general features dis
cussed in the previous sections, there was a considerable amount of variation concealed 
in the fusimotor reflex effects evoked during stimulation of joint receptor afferents. 
It can therefore be concluded that the polymodal and individualized messages trans
mitted in the spindle afferents also contain information from ipsi- and contralateral joint 
afferents. An important finding in this context, was the high degree of variability which 
was observed on simultaneously investigated spindle afferents. Since these afferents were 
recorded during identical conditions, as concerns descending activity and ’setting’ of 
the spinal interneuronal network, it seems most likely that the observed diversity in 
fusimotor reflex effects, as is postulated in the "final common input" hypothesis, reflects 
a basic property of the organization of the fusimotor reflex control.

It should be recalled that the ’setting’ of the spinal interneuronal network and/or the descending drive 
may vary considerably between different preparations, from one experiment to another, and even during one 
and the same experiment (see Fig. 5 in Paper VI; cf. also Loeb & Duysens 1979; Prochazka & Hulliger 
1983). The diversity in fusimotor responses observed by investigating one single y  -cell/spindle afferent at a 
time may therefore to some extent be the result of spontaneous fluctuations in spinal or descending condi
tions, which may occur during the time intervals between the recordings.

In the experiments, in which reflex effects from the cruciate ligaments were inves
tigated (Papers IV, VI and VII), another finding was made that might be relevant 
in this context. Namely, that the fusimotor reflex effects evoked on a given set of 
spindle afferents sometimes spontaneously changed character (i.e. changes in both type 
and size) during the course of the experiment (see Fig. 5 in Paper VI). Thus, for in
stance, a first control-test series might reveal both static and dynamic reflex actions, 
while on a second test occasion, made on the same afferents with identically performed 
reflex stimulation, exclusively static fusimotor effects might be encountered. These find
ings were probably due to spontaneous changes in the ‘setting’ of the spinal reflex 
network, and they seem to indicate that the response profiles are a variable phenomenon 
and that the reflex pathways to the fusimotor system comprise a number of alterna
tives. The wide and individualized response profiles of the fusimotor neurones, together 
with the existence of different optional fusimotor reflex pathways, might provide a basis 
for the command centers in their tailoring of fusimotor programmes (cf. Loeb et al.
1985). It is conceivable that certain groups of fusimotor neurones, with specific recep
tive fields, are ‘selected’ in order to provide appropriate sensory feedback for the ac
curate execution of different motor tasks (cf. Loeb 1984).

The complexity of the y-muscle-spindle system observed in studies at our laboratory 
seems to be in good accordance with a number of recent findings from other laboratories. 
Thus, Schwestka et al. (1981) observed that fusimotor activity induced complex actions 
on the correlation between primary spindle afferent discharge patterns, so that some 
spindle afferents were decorrelated while other new correlations appeared (cf. also Inbar
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et al. 1979). Moreover, the research group in Göttingen (Windhorst et al. 1976; Windhorst 
& Meyer-Lohmann 1977) has suggested that 'the total "sensory space" o f a muscle 
can he divided into overlapping "s u b -sp a c e swhich are likely to require ‘specified, 
motor innervation patterns, which might, at least in part, be established or influenced 
by the specific feedback signals originating from the respective compartment\  Based 
on studies of the anatomical arrangement of muscle spindles and motor units within a 
muscle, a similar idea has been proposed by Binder & Stuart (1980). These authors 
suggested that the muscle spindles 'generate a sensory partitioning o f the motor-unit 
population within the muscle\

Comparison with joint reflex effects evoked on skeletomotoneurones
Several findings indicate that the activity in low threshold mechanoreceptor afferents 

from the knee joint primarily influences the 7 -spindle system, rather than causes reflex 
effects ‘directly’ on the a-motoneurones. Firstly, a comparison of the responsiveness 
for 7 - and a-motoneurones to low threshold electrical stimulation of the PAN 
(below 2 X PAN threshold), reveals that 7 -motoneurones are much more frequently in
fluenced at these stimulation intensities (Paper I; Lundberg et al. 1978; see also Ec- 
cles & Lundberg 1959). Secondly, in a recent study, He et al. (1988) investigated 
reflex effects on 7 - and a-efferents to mechanical stimulation of knee joint receptor af
ferents before and after introduction of intra-articular knee joint inflammation. It 
was reported that under the control conditions (i.e. before inflammation) only 14% 
of the a-motoneurones showed a response to mechanical stimulation, whereas 41% 
of the 7 -motoneurones were responsive. Thirdly, the fusimotor reflex effects evoked by 
the mechanical stimulations used in the present investigations (Papers II, III, IV, VI 
and VII), were, with a few exceptions, not correlated to extrafusai muscle activity (see 
above: Did joint receptor afferents cause the effects observed?). This finding is con
sistent with that reported by Solomonow et al. (1987), who stated that large loads 
(around 130 N) had to be applied to the ACL in order to evoke reflex changes in the 
EMG signals from the hamstrings and quadriceps muscles. It should be recalled 
that in the present study (Paper IV, VI and VII), only moderate loads (5-40 N) were 
applied to the ACL during reflex stimulation.

It is at present well known that a- and 7 -motoneurones are differently influenced by 
a number of descending and reflex inputs (for reviews, see Baldissera et al. 1981; Hul- 
liger 1984; Johansson 1981, 1985, 1988), and that the ultrastructure and number of 
synapses on lumbar 7 - and a-motoneurones are different (Lagerbäck 1985; Johnson
1986). The diversity and complexity of the reflexes on the 7 -muscle-spindle system 
contrasts with the relative rigidity of the corresponding reflexes on a-motoneurones. 
The reflex organization which gives the fusimotor neurones a receptive profile of their 
own has been suggested to be an important property for the integrative function proposed 
for the fusimotor-spindle system (see above: Variability in reflex effects evoked on the 
individual ycells and spindle afferents). It may also be inferred that it appears unlike
ly that the rather stereotype reflexes to a-motoneurones convey the complex type of 
information needed for coordination of finely regulated movements (Johansson 1981). 
Accordingly, it is conceivable that the delicate receptor messages required for reflex 
adjustment of the programmes for finely tuned movements (or phases of move
ments) are gated by and integrated in the fusimotor system, while the cruder type 
of information are transmitted directly to the skeletomotor neurones (cf. Johansson 1981).
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A mechanism through which joint receptor afferents may regulate joint stability
A number of authors have hypothesized that articular sensory endings may func

tion by initiating joint protective reflexes to the muscles around the joint (e.g. Abbott 
et al. 1944; Palmer 1958; Stener 1959; Burgess & Clark 1969; Lundberg et al. 1978; 
Grigg 1975; Kennedy et al. 1982; Solomonow et al. 1987; Zimny 1988a). 
However, the functional significance of such reflexes has been seriously questioned by 
Pope et al. (1979) (cf. also Rack 1981). They concluded that such reflexes are too 
slow to be able to protect the joints from injuries.

Other authors have advocated the view that impulses arising from joint sensory en
dings have a role in maintaining a normal, smooth, coordination of the muscle tone in 
different movements and in posture (e.g. Abbott et al. 1944; Freeman & Wyke 1967b; 
duToit 1987). In 1967, Freeman & Wyke suggested, on indirect evidence, that the con
trol of muscle tone was achieved by continuous actions on the 7 -motoneurones, via 
polysynaptic reflexes from articular receptors (Freeman & Wyke 1967b). The results 
accounted for in the present thesis, clearly demonstrate that natural activation of 
joint receptor afferents exert reflex effects on the 7 -muscle-spindle system. Thus the 
findings seem to support the idea proposed by Freeman & Wyke. Furthermore, 
since the reflexes on primary spindle afferents from different muscles acting at the joint 
were both frequent and potent, it seems not unlikely that such a reflex control may 
be of large importance in the continuous regulation of muscle tone (muscle stiff
ness), and thereby for the joint stability (joint stiffness) provided by the muscles.

The functional stability of the knee joint is the result of a complex interplay be
tween factors contributing to the static stability and factors subserving the dynamic 
stability (cf. e.g. Grimby et al. 1980; Lysholm et al. 1984). The dynamic stability 
of the joint is largely dependent on the load imposed on the joint and thereby also 
on the activity of the muscles around it (Goldfuss et al. 1973; Markolf et al. 
1976, 1981; Baratta et al. 1988). It has, for instance, been demonstrated that sub
jects (in good physical condition), by contracting their quadriceps muscles, may increase 
the stiffness of their knee joints by a factor of 10 or more (Markolf et al. 1981), and 
it was recently suggested that co-activation of muscles is necessary to aid the liga
ments in maintaining joint stability (Baratta et al. 1988).

It is well known that muscle stiffness (i.e. the ratio of force change to length change) 
consists of two components, (i) reflex-mediated muscle stiffness and (ii) intrinsic muscle 
stiffness (see e.g. Akazawa et al. 1983; Hoffer & Andreassen 1981). The intrinsic 
muscle stiffness is dependent on the elastic properties of the muscle and on the exist
ing acto-myosin bonds, while the reflex-mediated stiffness is determined by the ex
citability in the a-motoneuronal pool. The level of activity in the motoneuron pool is 
dependent on descending commands and autogenic and heterogenic reflexes (Nichols 
1987). It has been argued that the most important of these factors in the stiffness 
regulation is the autogenic reflexes provided by muscle spindle afferents (Houk et 
al. 1981; Allum & Mauritz 1984).

In the original theory of stiffness control it was postulated that the reflex- 
mediated stiffness compensates for variations in intrinsic muscle properties so as to 
maintain a constant total muscle stiffness over almost the entire range of muscle for
ces (Houk 1979; Houk & Rymer 1981; see also Hoffer & Andreassen 1981). This 
hypothesis was based on data obtained during static or postural conditions.
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However, in several recent studies, in which muscle stiffness has been investigated 
during dynamic or cyclic movements, evidence has been presented for variability in the 
overall muscle stiffness, largely caused by modulation of the reflex-mediated component 
(see e.g. Aldridge et al. 1981; MacKay et al. 1980; Akazawa et al. 1983; Nichols
1987). It has been proposed by Akazawa et al. (1983) that the fluctuations in muscle 
stiffness during dynamic conditions may be explained by changes in muscle spindle 
sensitivity, due to modulation of the fusimotor activity. If this is correct, it is sug
gested by the results from the present investigations, that activation of joint af
férents, via reflex effects on the y-muscle-spindle system, contribute to the con
tinuous modulation of muscle stiffness. Moreover, since sensory endings located in both 
the knee joint ligaments and in the capsule are known to signal, not only at extreme 
flexion and extension, but also at intermediate joint angles (Skoglund 1956; Burgess & 
Clark 1969; Ferrell 1980), it seems quite possible that these receptors, through the y- 
muscle spindle system, may modify the reflex-mediated stiffness over the entire range 
of joint movement.

It should be recalled in this context that ymotoneurones (for references see, Variability in reflex ef
fects evoked on the individual 7 -cells and spindle afferents), as well as spinal interneurones (see e.g. Lundberg 
1979; Schaible et al. 1986, 1987b; Craig et al. 1988; Edgley & Jankowska 1987), which are influenced from 
joint receptors also receive input from skin and muscle receptors. Therefore, it is most likely that informa
tion from more than one receptor category is involved in the regulation of muscle stiffness.

Intrinsic muscle stiffness is thought to be dependent purely on mechanical properties 
of the muscle, i.e. largely on the existing acto-myosin bounds or the degree of muscle 
contraction at a given moment. This component of the muscle stiffness is, in other 
words, the result of the ‘previous history’ of the muscle (i.e. of the preceding 
reflex actions and descending commands), and it has been found to fluctuate during 
naturally occurring movements (Akazawa et al. 1982). According to the fact that protec
tion of the joint by intrinsic muscle stiffness is always present, this stiffness component 
has been denoted "the body's first line o f defense against perturbations" (Akazawa 
et al. 1982, 1983; see also Grillner 1972). If joint afferents significantly contribute to 
the regulation of the reflex-mediated muscle stiffness, then they will be of importance 
also for the intrinsic muscle stiffness, and thereby for the maintenance of the joint 
stability necessary for the protection of the joint against sudden perturbations.

Possible clinical relevance o f the results
Despite the development of a number of methods for treatment of injured knee joint 

ligaments, the results are often somewhat disappointing for the patients. Symptoms such 
as functional instability, feelings of give way and muscular weakness often persist 
(Noyes et al. 1984). In 1965, Freeman and co-workers proposed that such 
symptoms might be the result of partial de-afferentation of the capsule and liga
ments in association with the injured joint (Freeman et al. 1965; see also Kennedy et 
al. 1982; Elmqvist et al. 1988). Obviously, a de-afferentation alters the normal sensory 
feedback during the execution of movements. If it is assumed that different motor 
programmes are adapted to receive specific sensory feedback for the accurate execu
tion of various motor tasks, it can be suggested that a ligament injury most probab
ly causes an ensemble of sensory feedback which does not fit the existing motor 
programmes (cf. above: Variability in reflex effects evoked on the individual y-cells and 
spindle afferents). This in turn, may induce errors in the normal coordination pat
tern of the muscles, and thereby also disturbances in the functional joint stability.
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Experimental evidence for the participation of articular receptor afferents in maintaining the normal mus
cular activation pattern during posture and movements has been reported. Persistent postural and kines
thetic changes have been observed on cats after injections of local anaesthetics into the knee joint cavity 
(Ferrell et al. 1985), and after denervation of knee joint structures (Freeman & Wyke 1966). Recent inves
tigations have also shown that patients with complete ACL tears have impaired limb proprioception (Barrack 
et al. 1989).

Considering the importance of the sensory function of the joint structures, it 
would seem sensible to minimize the sensory damage whenever surgical treatment is 
necessary. For instance, when a ruptured cruciate ligament is substituted with a 
graft, the sensory function of the ligament is not restored. In order to avoid a com
plete sensory loss, it seems reasonable to repair the injured ligament, rather than sub
stituting it with a graft. In this context it should be mentioned that Clancy and co
workers recently reported excellent results with primary repair of the teared ACL com
bined with augmentation with a patellar tendon graft (Clancy et al. 1988). Considering 
the fact that the proximal and distal ends of the cruciate ligaments are most dense
ly equipped with sensory endings (Paper V; Schultz et al. 1984; Zimny et al. 
1986; Schutte et al. 1987), it seems important to perform the primary repair so as to 
avoid destruction of the ligamentous ends. In addition, it is probably crucial to re-es
tablish a ”normal tension profile” in the repaired ligament, since most receptor afferents 
signal within a limited range of mechanical stress (see e.g. Andrew & Dodt 1953; 
Boyd & Roberts 1953; Skoglund 1956; Burgess & Clark 1969; Ferrell 1980).

It is probably also important to consider the changed sensory properties of an in
jured joint when developing rehabilitation programmes. Thus, an injured ligament is 
likely to cause a persistently disturbed sensory feedback from the joint, and there
fore the existing motor programmes have to be modified in accordance to the new sen
sory situation. In fact, the importance of sensory feedback in the process of relearning 
motor programmes have repeatedly been demonstrated (for reviews, see Marsden et al. 
1984; Mulder & Hulstyn, 1984), and a special need of joint receptor input for the 
learning of the timing and positioning of the limbs has been suggested (Adams 1977). 
Also, balance-training programmes have been reported to improve the functional stability 
of sprained ankle joints (Freeman et al. 1965; Tropp 1985, 1986; Gauffin et al. 1988). 
Thus, as expected, the relearning process seems to be positively influenced by coor
dination-training, aimed at ”fitting” the motor programmes to a diversified sensory in
fluence in the new sensory situation. Accordingly, rehabilitation after knee ligament in
juries should not only comprise strength training, but always be complemented with 
training of muscle coordination.



A Sensory Role for the Cruciate Ligaments 37

ACKNOWLEDGEMENTS

This study was carried out at the Departments of Physiology and Zoophysiology, 
University of Umeå. Many persons at these departments have contributed directly or 
indirectly to the realization of this work, but in particular I wish to express my sin
cere gratitude to:

Associate professor Håkan Johansson, my supervisor and friend, for his excel
lent guidance, constructive criticism, personal support, and for inspiring me to adopt a 
critical view towards accepted opinions.

Dr Petr Sojka, my assistant supervisor and friend, for guidance, stimulating col
laboration, good advice, support and valuable criticism during the course of this work.

Dr Martin Burman, my friend and assistant supervisor, for encouragement and sup
port, and for valuable help and good advice in many practical matters regarding teach
ing.

Professor S0ren Lpvtrup, former head of the Department of Zoophysiology, for ac
cepting me as a PhD student and inviting me to many interesting and fruitful, and on 
occasions upsetting, discussions, and for broadening my views on biology and the 
philosophy of science.

Professor Sven Landgren, Professor Åke Vallbo and Professor Roland Johansson,
heads of the Department of Physiology, for providing me with laboratory facilities.

Associate professor Ronny Lorentzon, Astrid Rehnholm, Mats Djupsjöbacka and 
Inger Wadell, my co-workers in some of the investigations, for pleasant and construc
tive collaboration and valuable help.

Marielouise Rönnmark and Helena Öhlund, for excellent illustrations and skill
ful photographic work.

Gerdy Kriström and Sven-Olof Johansson for expert laboratory assistance and skill
ful production of electrodes.

Erland Danielsson, Lennart Näslund, Roland Brändström, Jonas Ringqvist, Lars 
Bäckström, Anders Bäckström and Lars-Erik Sandström, for superior manufacturing 
of electronic and mechanical devices and computer assistance.

Kerstin Falk and colleagues, for keeping the cats in good condition.

Lennart Sjögren and colleagues, for excellent typographical work.

William Baggaley, for improving the English.

Finally, I wish to give my warmest thanks to my family and all personal friends 
associated with Ålidhem, for support and encouragement, as well as for giving me dis
tance to the scientific work and many good laughs.

This work was supported by grants from the Swedish Medical Research Council 
(Project no. 07915), Ingabritt och Arne Lundbergs Forskningsstiftelse and the insurance 
company Folksam. Support was also provided by Samverkansnämnden i Norra 
Sjukvårdsregionen, Gunvor och Josef Anérs Stiftelse, the Medical Faculty of Umeå 
(Fonden för medicinsk forskning) and Svenska Sällskapet för Medicinsk Forskning.



38 Per Sjölander

REFERENCES

Abbott, L. C., Saunders, J. B. deC. M., Bost, F. C. and Anderson, C. E. (1944). In
juries to the ligaments of the knee joint. J. Bone Joint Surg. 26, 503-521.

Adams, J. A. (1977). Feedback theory of how joint receptors regulate the timing 
and positioning of a limb. Psychol. Rev. 84, 504-523.

Akazawa, K., Aldridge, J. W., Steeves, J. D. & Stein, R. B. (1982). Modulation of 
stretch reflex during locomotion in the mesencephalic cat. J. Physiol. 329, 553-567.

Akazawa, K., Milner, T. E. & Stein, R. B. (1983). Modulation of reflex EMG and 
stiffness in response to stretch of human finger muscle. J. Neurophysiol. 49, 16-27.

Aldridge, J. W., Stein, R. B., Akazawa, K. & Steeves, J. D. (1981). Modulation of 
stretch reflexes during locomotion in the decerebrate cat. Soc. Neurosci. Abstr. 
7, 560.

Allum, J. H. J. & Mauritz, K.-H. (1984). Compensation for intrinsic muscle stiff
ness by short-latency reflexes in human triceps surae muscles. J. Neurophysiol. 52, 
797-818.

Aloisi, A. M., Carli, G. & Rossi, A. (1988). Response of hip joint afferent fibers 
to pressure and vibration in the cat. Neurosci. Lett. 90, 130-134.

Andersen, H. T., Körner, L., Landgren, S. & Silfvenius, H. (1967). Fibre com
ponents and cortical projections of the elbow joint nerve in the cat. Acta 
Physiol. Scand. 69, 373-382.

Andersson, S. & Stener, B. (1959). Experimental evaluation of the hypothesis of ligamen- 
to-muscular protective reflexes. II. A study in the cat using the medial collateral 
ligament of the knee joint. Acta Physiol. Scand. 48, suppl. 166, 27-49,

Andersson, S. A., Landgren, S. & Wolsk, D. (1966). The thalamic relay and cortical 
projection of group I muscle afferents from the fore limb of the cat. J. Physiol. 
183, 576-591.

Andrew, B. L. (1954). The sensory innervation of the medial ligament of the knee 
joint. J. Physiol. 123, 241-250.

Andrew, B. L. & Dodt, E. (1953). The development of sensory endings at the 
knee joint of the cat. Acta Physiol. Scand. 28, 287-296.

Appelberg, B. (1981). Selective central control of dynamic gamma motoneurones util
ized for the functional classification of gamma cells. In: Taylor, A. & Prochaz- 
ka, A. (eds) Muscle Receptors and Movements. Macmillan, London, pp. 97-108.

Appelberg, B., Bessou, P. & Laporte, Y. (1966). Action of static and dynamic fusimotor 
fibres on secondary endings of cat’s spindles. J. Physiol. 185, 160-171.

Appelberg, B., Hulliger, M., Johansson, H. & Sojka, P. (1979). Excitation of dynamic 
fusimotor neurones of the cat triceps surae by contralateral joint afferents. Brain 
Res. 160, 529-532.

Appelberg, B., Hulliger, M., Johansson, H. & Sojka, P. (1981). Reflex activation of 
dynamic fusimotor neurones by natural stimulation of muscle and joint receptor af
ferent units. In: Taylor, A. & Prochazka, A. (eds) Muscle Receptors and Movements. 
Macmillan, London, pp. 149-161.

Appelberg, B., Hulliger, M., Johansson, H. & Sojka, P. (1982a). An intracellular study 
of rubrospinal and rubro-bulbospinal control of lumbar ^-motoneurones. Acta Physiol. 
Scand. 116, 377-386.



A Sensory Role for the Cruciate Ligaments 39

Appelberg, B., Hulliger, M., Johansson, H. & Sojka, P. (1982b). Fusimotor reflexes in 
triceps surae elicited by natural stimulation of muscle afferents from the cat ip- 
silateral hind limb. J. Physiol. 329, 211-229.

Appelberg, B., Hulliger, M., Johansson, H. & Sojka, P. (1983a). Actions on 7 -
motoneurones elicited by electrical stimulation of group I muscle afferent fibres 
in the hind limb of the cat. J. Physiol. 335, 237-253.

Appelberg, B., Hulliger, M., Johansson, H. & Sojka, P. (1983b). Actions on 7 -
motoneurones elicited by electrical stimulation of group II muscle afferent fibres in 
the hind limb of the cat. J. Physiol. 335, 255-273.

Appelberg, B., Hulliger, M., Johansson, H. & Sojka, P. (1983c). Actions on 7 -
motoneurones elicited by electrical stimulation of group III muscle afferent fibres in 
the hind limb of the cat. J. Physiol. 335, 275-92.

Appelberg, B., Hulliger, M., Johansson, H. & Sojka, P. (1983d). Recurrent actions on 
ymotoneurones mediated via large and small ventral root fibres in the cat. J. Physiol. 
335, 293-305.

Appelberg, B., Hulliger, M., Johansson, H. & Sojka, P. (1984). Fusimotor reflexes 
in triceps surae muscle elicited by extension of the contralateral hind limb of 
the cat. J. Physiol. 355, 99-117.

Appelberg, B., Johansson, H. & Sojka, P. (1986). Fusimotor reflexes in triceps
surae muscle elicited by stretch of muscles in the contralateral hind limb of the cat. 
J. Physiol. 373, 419-441.

Baidissera, F., Lundberg, A. & Udo, M. (1972). Stimulation of pre- and postsynap- 
tic elements in the red nucleus. Exp. Brain Res. 15, 151-167.

Baidissera, F., Hultborn, H. & liiert, M. (1981). Integration in the spinal neuronal sys
tem. In: Brooks, V. B. (ed) Handbook o f Physiology, The nervous system //.A m erican 
Physiological Society, Bethesda, pp. 509-595.

Baratta, R., Solomonow, M., Zhou, B. H., Letson, E. D., Chuinard, R. & D’Ambrosia, 
R. (1988). Muscular coactivation. The role of the antagonist musculature in main
taining knee stability. Am. J. Sports Med. 16, 113-122.

Barrack, R. L., Skinner, H. B. & Buckley, S. L. (1989). Proprioception in the anterior 
cruciate deficient knee. Am. J. Sports Med. 17, 1-6.

Baxendale, R. H. & Ferrell, W. R. (1981). The effect of knee joint afferent discharge 
on transmission in flexion reflex pathways in decerebrate cats. J. Physiol. 315, 231- 
242.

Baxendale, R. H. & Ferrell, W. R. (1985). Ascending and descending effects of 
joint afferent discharge on forelimb and hindlimb flexion reflex excitability in 
decerebrate cats. Brain Res. 332, 394-396.

Baxendale, R. H., Ferrell, W. R. & Wood, L. (1987). The effect of mechanical stimula
tion of knee joint afferents on the quadriceps motor unit activity in the decerebrate 
cat. Brain Res. 415, 353-356.

Baxendale, R. H., Ferrell, W. R. & Wood, L. (1988). Responses of quadriceps motor 
units to mechanical stimulation of knee joint receptors in the decerebrate cat. Brain. 
Res. 453, 150-156.

Binder, M. D. & Stuart, D. G. (1980). Responses of la and spindle group II afferents 
to single motor-unit contractions. J. Physiol. 43, 621-629.

Boyd, I. A. (1954). The histological structure of the receptors in the knee joint of the 
cat correlated with their physiological response. J. Physiol. 124, 476-488.

Boyd, I. A. (1962). Uniform staining of nerve endings in skeletal muscle with gold 
chloride. Stain Technol. 37, 225-230.



40 Per Sjölander

Boyd, I. A. & Roberts, T. D. M. (1953). Proprioceptive discharge from stretch-recep- 
tors in the knee joint of the cat. J. Physiol. 122, 38-58.

Boyd, I. A. & Davey, M. R. (1968). Composition o f peripheral nerves. Livingstone, 
Edinburgh and London.

Browne, K., Lee, J. & Ring, P. A. (1954). The sensation of passive movement at the 
metatarsophalangeal joint of the great toe in man. J. Physiol. 126, 448-458.

Burgess, P. R. & Clark, F. J. (1969). Characteristics of knee joint receptors in the cat. 
J. Physiol. 203, 317-335.

Burgess, P. R., Wei, J. Y., Clark, F. J. & Simon, J. (1982). Signaling of kines
thetic information by peripheral sensory receptors. Ann. Rev. Neurosci. 5, 171-187.

Carey, E. J. (1942). Studies on amoeboid motion of motor nerve plates. II. Pathologic 
effects of CO2 and electricity on the explosive motion in the motor nerve plates in 
intercostal muscle. Am. J. Pathol. 18, 237- 289.

Carli, G., Farabollini, F., Fontani, G. & Meucci, M. (1979). Slowly adapting receptors 
in cat hip joint. J. Neurophysiol. 42, 767-779.

Carpenter, D., Engberg, I., Funkenstein, H. & Lundberg, A. (1963). Descending con
trol of reflexes to primary afferents. Acta Physiol. Scand. 59, 424-437.

Clancy, W. G. (1983). Knee ligamentous injury in sports: the past, present, and the 
future. Med. Sci. Sports Exerc. 15, 9-14.

Clancy, W. G., Ray, J. M. & Zoltan, D. J. (1988). Acute tears of the anterior cruciate 
ligament. Surgical versus conservative treatment. J. Bone Joint Surg. 70A, 1483- 
1488.

Clark, F. J. & Burgess, P. R. (1975). Slowly adapting receptors in the cat knee joint: 
Can they signal joint angle? J. Neurophysiol. 38, 1448- 1463.

Clark, F. J., Burgess, R. C., Chapin, J. W. & Lipscomb, W. T. (1985). The role 
of intramuscular receptors in the awareness of limb position. J. Neurophysiol. 
54, 1529-1540.

Clark, F. J., Grigg, P. & Chapin, J. W. (1989). The contribution of articular receptors 
to proprioception with the fingers in humans. J. Neurophysiol. 61, 186-193.

Clark, F. J., Horch, K. W., Bach, S. M. & Larson, G. F. (1979). Contribution of 
cutaneous and joint receptors to static knee position sense in man. J. Neurophysiol. 
42, 877-888.

Clark, F. J., Landgren, S. & Silfvenius, H. (1973). Projections to the cat’s cerebral 
cortex from low threshold joint afferents. Acta Physiol. Scand. 89, 504-521.

Coggeshall, R. E., Hong, K. A., Langford, L. A., Schaible, H. -G. & Schmidt, R. F. 
(1983). Discharge characteristics of fine medial articular afferents at rest and during 
passive movements of inflamed knee joint. Brain Res. 272, 185-188.

Cohen, L. A. & Cohen, M. L. (1956). Arthrokinetic reflex of the knee. Am. J. Physiol. 
184, 433-437.

Cole, W. V. (1946). A gold chloride method for motor end plates. Stain Technol. 21, 
23-25.

Craig, A. D., Heppelmann, B. & Schaible, H. -G. (1988). The projections of the medial 
and posterior articular nerves of the cat’s knee to the spinal cord. J. Comp. Neurol. 
276, 279-288.

Craig, A. D. & Kniffki, K. -D. (1985). Spinothalamic lumbosacral lamina I cell response 
to skin and muscle stimulation of the cat. J. Physiol. 365, 197-221.

Creed, R. S., Denny-Brown, D., Eccles, J. C., Liddell, E. G. T. & Sherrington, S. C. 
(1932). Reflex activity o f the spinal cord. Clarendon Press, Oxford.



A Sensory Role for the Cruciate Ligaments 41

Crowe, A. & Matthews, P. B. C. (1964a). The effects of stimulation of static and 
dynamic fusimotor fibres on the responses to stretching of primary endings of muscle 
spindles. J. Physiol. 174, 109-131.

Crowe, A. & Matthews, P. B. C. (1964b). Further studies of static and dynamic 
fusimotor fibres. J. Physiol. 174, 132-151.

deAndrade, J. R., Grant, C. & Dixon, A. St. J. (1965). Joint distension and reflex 
muscle inhibition in the knee. J. Bone Joint Surg. 47A, 313- 322.

duToit, G. T. (1987). Knee joint cruciate ligament substitution: The Lindemann proce
dure. S. Afr. J. Surg. 5, 25-30.

Eccles, R. M. & Lundberg, A. (1959). Synaptic actions in motoneurones by afferent 
which may evoke the flexion reflex. Arch. Ital. Biol. 97, 199- 222.

Eccles, J. C., Eccles, R. M., Iggo, A. & Lundberg, A. (1960). Electrophysiological 
studies of gamma motoneurones. Acta Physiol. Scand. 50, 32-40.

Edgley, S. A. & Jankowska, E. (1987). Field potentials generated by group II muscle 
afferents in the middle lumbar segments of the cat spinal cord. J. Physiol. 385, 
393-413.

Ekholm, J., Eklund, G. & Skoglund, S. (1960). On the reflex effects from the knee 
joint of the cat. Acta Physiol. Scand. 50, 167-174.

Eklund, G. & Skoglund, S. (1960). On the specificity of the Ruffini like joint recep
tors. Acta Physiol. Scand. 49, 184-191.

Elmqvist, L. -G., Lorentzon, R., Johansson, C. & Fugl-Meyer, A. R. (1988). Does 
a torn anterior cruciate ligament lead to change in the central nervous drive of the 
knee extensors? Eur. J. Appi. Physiol. 58, 203-207.

Emonet-Dénand, F., Laporte, Y., Matthews, P. B. C. & Petit, J. (1977). On the sub
division of static and dynamic fusimotor actions on the primary endings of the cat 
muscle spindle. J. Physiol. 268, 827-861.

Fahrer, H., Rentsch, H. U., Gerber, N. J., Beyeler, Ch., Hess, Ch. W. & Grünig, 
B. (1988). Knee effusion and reflex inhibition of the quadriceps. J. Bone Joint Surg. 
70B, 635-638.

Ferrell, W. R. (1980). The adequacy of stretch receptors in the cat knee joint for sig
naling joint angle throughout a full range of movement. J. Physiol. 299, 85-99.

Ferrell, W. R. (1987). The effect of acute joint distension on mechanoreceptor discharge 
in the knee of the cat. Quart. J. Exp. Physiol. 72, 493-499.

Ferrell, W. R., Baxendale, R. H., Carnachan, C. & Hart, I. K. (1985). The in
fluence of joint afferent discharge on locomotion, proprioception and activity in con
scious cats. Brain Res. 347, 41-48.

Ferrell, W. R., Gandevia, S. C. & McCloskey, D. I. (1987). The role of joint recep
tors in human kinaesthesia when intramuscular receptors cannot contribute. J. Physiol. 
386, 63-71.

Ferrell, W. R., Nade, S. & Newbold, P. J. (1986). The interrelation of neural discharge, 
intra-articular pressure, and joint angle in the knee joint of the dog. J. Physiol. 373, 
353-365.

Ferrell, W. R., Wood, L. & Baxendale, R. H. (1988). The effect of acute joint inflam
mation on the flexion reflex excitability in the decerebrate, low-spinal cat. Quart. J. 
Exp. Physiol. 73, 95-102.

Fields, H. L., Clanton, C. H. & Anderson, S. D. (1977). Somatosensory properties of 
spinoreticular neurones in the cat. Brain Res. 120, 49-66.

Freeman M. A. R., Dean, M. R. E. & Hanham, I. W. F. (1965). The etiology and 
prevention of functional instability of the foot. J. Bone Joint Surg. 47B, 678-685.



42 Per Sjölander

Freeman, M. A. R. & Wyke, B. (1966). Articular contributions to limb muscle reflexes. 
The effects of partial neurectomy of the knee joint on postural reflexes. Br. J. Surg. 
53, 61-69.

Freeman, M. A. R. & Wyke, B. (1967a). The innervation of the knee joint. An anatomi
cal and histological study in the cat. J. Anat. 101, 505-532.

Freeman, M. A. R. & Wyke, B. (1967b). Articular reflexes at the ankle joint: An 
electromyographic study of normal and abnormal influences of ankle-joint 
mechanoreceptors upon reflex activity in the leg muscles. Br. J. Surg. 54, 990-1001.

Gairns, F. W. (1930). A modified gold chloride method for demonstration of nerve en
dings. Quart. J. Microsc. Sci. 74, 151-153.

Gandevia, S. C., Hall, L. A., McCloskey, D. I. & Potter, E. K. (1983). Proprioceptive 
sensations at the terminal joint of the middle finger. J. Physiol. 355, 507-517.

Gardner, E. (1944). The distribution and termination of nerves in the knee joint of the 
cat. J. Comp. Neurol. 80, 11-32.

Gardner, E. (1948). The innervation of the knee joint. Anat. Ree. 101, 109-130.
Gardner, E. & Haddad, B. (1953). Pathways to the cerebral cortex for afferent 

fibres from the hindleg of the cat. Am. J. Physiol. 172, 475- 482.
Gauffin, H., Tropp, H Odenrick, P. (1988). Effect of ankle training on postural 

control in patients with functional instability of the ankle joint. Int. J. Sports Med. 
9, 141-144.

Goldfuss, A. J., Morehouse, C. A. & LeVeau, B. F. (1973). Effect of muscular ten
sion on knee stability. Med. Sci. Sports 5, 267-271.

Golgi, C. (1903). Sui nervi dei tendini dell’uomo e di altri vertebrati e di un 
nuovo organo nervoso terminale musculo-tendineo. In: Golgi C. (ed) Opera Omnia, 
Vol. 1. Ulrico Heopli, Milan, pp. 171-198.

Goodwin, G. M. (1976). The sense of limb position and movement. Exercise and Sport 
Sci. Rev. 4, 87-124.

Goodwin, G. M., McCloskey, D. I. & Matthews, P. B. C. (1972). The contribution of 
muscle afferents to kinaesthesia shown by vibration induced illusion of move
ment and by the affects of paralyzing joint afferents. Brain 95, 705-748.

Grabiner, M. D., Campbell, K. R., Hawthorne, D. L. & Hawkins, D. A. (1989). 
Electromyographic study of the anterior cruciate ligament-hamstrings synergy during 
isometric knee extension. J. Orthop. Res. 7, 152-155.

Grigg, P. (1975). Mechanical factors influencing response of joint afferent neurons from 
cat knee joint. J. Neurophysiol. 38, 1473-1484.

Grigg, P. & Greenspan, B. J. (1977). Response of primary joint afferent neurones 
to mechanical stimulation of knee joint. J. Neurophysiol. 40, 1-8 .

Grigg, P., Harrigan, E. P. & Fogarty, K. E. (1978). Segmental reflexes mediated by
joint afferent neurones in cat knee. J. Neurophysiol. 41, 9- 14.

Grigg, P. & Hoffman, A. H. (1982). Properties of Ruffini afferents revealed by stress 
analysis of isolated sections of cat knee capsule. J. Neurophysiol. 47, 41-54.

Grigg, P., Hoffman, A. H. & Fogarty, K. E. (1982). Properties of Golgi-Mazzoni af
ferents in cat knee joint capsule, as revealed by mechanical studies of isolated joint
capsule. J. Neurophysiol. 47, 31-40.

Grigg, P., Schaible, H. -G. & Schmidt, R. F. (1986). Mechanical sensitivity of 
group III and IV afferents from posterior articular nerve in normal and inflamed 
cat knee. J. Neurophysiol. 55, 635-643.

Grillner, S. (1972). A role for muscle stiffness in meeting the changing postural 
and locomotor requirements for force development by the ankle extensors. Acta 
Physiol. Scand. 8 6 , 92-108.



A Sensory Role for the Cruciate Ligaments 43

Grillner, S., Hongo, T. & Lund, S. (1969). Descending monosynaptic and reflex cf 
combining static and dynamic fusimotor stimulation on the response of muscle spindle 
primary endings to sinusoidal stretching. J. Physiol. 267, 839-856.

Grimby, G., Gustafsson, E., Peterson, L. & Renström, P. (1980). Quadriceps func
tion and training after knee ligament surgery. Med. Sci. Sports Exerc. 12, 70-75.

Hagbarth, K. E. & Eklund, G. (1966). Motor effects of vibratory muscle stimuli in 
man. In: Granit, R. (ed.) Muscular Afferents and Motor Control Almqvist och Wik- 
sell, Stockholm, pp. 177-186.

Halata, Z. (1977). The ultrastructure of the sensory endings in the articular capsule of 
the knee joint of the domestic cat (Ruffini corpuscles and Pacinian corpuscles). 
J. Anat. 124, 717-729.

Halata, Z. (1988). Ruffini corpuscles - a stretch receptor in the connective tissue of 
the skin and locomotion apparatus. Prog. Brain Res. 74, 221-229.

Halata, Z. & Groth, H. R. (1976). Innervation of the synovial membrane of the 
knee joint capsule. Cell Tissue Res. 169, 415-418.

Halata, Z., Rettig, T. & Schulze, W. (1985). The ultrastructure of sensory nerve en
dings in the human knee joint capsule. Anat. Embryol. 172, 265-275.

Harrison, P. J. & Jankowska, E. (1984). An intracellular study of descending and non- 
cutaneous afferent input to spinocervical tract neurones in the cat. J. Physiol. 
356, 245-261.

Harrison, P. J. & Jankowska, E. (1985). Sources of input to interneurones mediat
ing group I non-reciprocal inhibition of motoneurones in the cat. J. Physiol. 361, 
379-401.

He, X., Proske, U., Schaible, H. -G. & Schmidt, R. F. (1988). Acute inflammation of 
the knee joint in the cat alter responses of flexor motoneurons to leg move
ments. J. Neurophysiol. 59, 326-340.

Heppelmann, B., Heuss, C. & Schmidt, R. F. (1988). Fibre size distribution of myelinated 
and unmyelinated axons in the medial and posterior articular nerve of the cat’s knee 
joint. Somatosens. Res. 4, 273-281.

H offer, J. A. & Andreassen, S. (1981). Regulation of soleus muscle stiffness in premam- 
milary cats: Intrinsic and reflex components. J. Neurophysiol. 45, 267-285.

Holmqvist, B. (1961). Crossed spinal reflex actions evoked by volleys in somatic af
ferents. Acta Physiol. Scand. 52, suppl. 181, 1-67.

Holmqvist, B. & Lundberg, A. (1961). Differential supraspinal control of synaptic ac
tions evoked by volleys in the flexion reflex afferents in alpha motoneurones. Acta 
Physiol. Scand. 54, suppl. 186, 1-51.

Houk, J. C. (1979). Regulation of stiffness by skeletomotor reflexes. Annu. Rev. Physiol. 
41, 99-114.

Houk, J. C., Crago, P. E. & Rymer, W. Z. (1981). Function of the dynamic response 
in stiffness regulation - A predictive mechanism provided by non-linear feedback. 
In, Muscle Receptors and Movement, eds., Taylor, A. & Prochazka, A., pp. 299- 
309, London: Macmillan.

Houk, J. C. & Rymer, W. Z. (1981). Neural control of muscle length and tension. In: 
Brooks, V. B. (ed) Handbook o f Physiology, The nervous system II. American 
Physiological Society, Bethesda, pp. 257-323.

Hromada, J. & Polâcek, P. (1958). A contribution to the morphology of encapsu
lated nerve endings in the joint capsule and the periarticular tissue. Acta Anat. 33, 
187-202.

Hulliger, M. (1979). The response of primary spindle afferents to fusimotor stimulation 
at constant and abruptly changing rates. J. Physiol. 294, 461-482.



44 Per Sjölander

Hulliger, M. (1984). The mammalian muscle spindle and its central control. Rev. Physiol. 
Biochem. Pharmacol. 101, 1-110.

Hulliger, M., Matthews, P. B. C. & Noth, J. (1977a). Static and dynamic fusimotor 
action on the response of la fibres to low frequency sinusoidal stretching of wide
ly ranging amplitudes. J. Physiol. 267, 811-838.

Hulliger, M., Matthews, P. B. C. & Noth, J. (1977b). Effects of combined static 
and dynamic fusimotor stimulation on the response of muscle spindle primary en
dings to sinusoidal stretching. J. Physiol. 267, 839- 856.

Hunt, C. C. & Kuffler, S. W. (1951). Stretch receptor discharge during muscle con
traction. J. Physiol. 113, 298-315.

lies, J. F., Stokes, M. & Young, A. (1984). Reflex actions of knee joint receptors on 
quadriceps in man. J. Physiol. 360, 48P.

Inbar, G., Madrid, J. & Rudomin, P. (1979). The influence of the gamma system 
on cross-correlated activity of la muscle spindles in relation to information trans
mission. Neurosci. Lett. 13, 73-78.

Jeneskog, T. & Johansson, H. (1977). The rubro-bulbospinal path. A descending sys
tem known to influence dynamic fusimotor neurones and its interaction with dis
tal cutaneous afferents in the control of flexor reflex afferent pathways. Exp. Brain 
Res. 27, 161-179.

Johansson, H. (1981). Reflex Control o f y-Motoneurones. Umeå University Medical Dis
sertations, New Series No. 70.

Johansson, H. (1985). Reflex integration in the 7 -motor system. In, The Muscle Spindle, 
pp. 297-301. Eds, Boyd, I.A. & Gladden, M.H., Macmillan: London.

Johansson, H. (1988). Rubrospinal and rubrobulbospinal influences on dynamic and static 
y-motoneurones. Behav. Brain. Res. 28, 97-107.

Johansson, H. & Silfvenius, H. (1977a). Axon-collateral activation by dorsal spinocerebel
lar tract fibres of group I relay cells of nucleus Z  in the cat medulla oblongata. J. 
Physiol. 265, 341-369.

Johansson, H. & Silfvenius, H. (1977b). Input from ipsilateral proprio- and exterocep
tive hind limb afferents to nucleus Z  of the cat medulla oblongata. J. Physiol. 265, 
371-393.

Johansson, H. & Silfvenius, H. (1977c). Connexions from large, ipsilateral hind 
limb muscle and skin afferents to the rostral main cuneate nucleus and to the nucleus 
X region in the cat. J. Physiol. 265, 395-428.

Johansson, H., Sjölander, P., Sojka, P. & Wadell, I. (1989). Effects of electrical 
and natural stimulation of skin afferents on the y-spindle system of the triceps surae 
muscle. Neurosci. Res. (in press).

Johansson, H. & Sojka, P. (1985). Actions on y-motoneurones elicited by electrical 
stimulation of cutaneous afferent fibres in the hind limb of the cat. J. Physiol. 366, 
343-363.

Johnson, I. P. (1986). A Quantitative ultrastructural comparison of alpha and gamma 
motoneurons in the thoracic region of the spinal cord of the adult cat. J. Anat. 147, 
55-72.

Kennedy, J. C., Alexander, I. J. & Heyes, K. C. (1982). Nerve supply of the 
human knee and its functional importance. Am. J. Sports Med. 10, 329-335.

Kuffler, S. W., Hunt, C. C. Sc Quilliam, J. P. (1951). Function of medullated small- 
nerve fibres in mammalian ventral roots: Afferent muscle spindle innervation. J. 
Neurophysiol. 14, 29-54.



A Sensory Role for the Cruciate Ligaments 45

Kuno, M., Munoz-Martinez, E. J. and Randic, M. (1973). Sensory inputs to 
neurones in Clark’s column from muscle, cutaneous and joint receptors. J. Physiol. 
228, 327-342.

Lagerbäck, P.-Å. (1985). An ultrastructural study of cat lumbosacral Ymotoneurones 
after retrograde labeling with HRP. J. Comp. Neurol. 240, 256-264.

Landgren, S. & Silfvenius, H. (1969). Projection to the cerebral cortex of group I 
muscle afferents from the cat’s hind limb. J. Physiol. 200, 353-372.

Landgren, S. & Silfvenius, H. (1971). Nucleus Z, the medullary relay in the projec
tion path to the cerebral cortex of group I muscle afferents from the cat’s hind 
limb. J. Physiol. 218, 551-571.

Leksell, L. (1945). The action potential and excitatory effects of the small ventral root 
fibres to skeletal muscle. Acta Physiol. Scand. 10, suppl. 31, 1-84.

Lindström, S. & Takata, M. (1972). Monosynaptic excitation of dorsal spinocerebel
lar tract neurones from low threshold joint afferents. Acta Physiol. Scand. 84, 430- 
432.

Loeb, G. E. (1984). The control and responses of mammalian muscle spindles 
during normally executed motor tasks. Exer. Sport Sci. Rew. 12, 157-204.

Loeb, G. E. & Duysens, J. (1979). Activity patterns in individual hindlimb primary and 
secondary muscle spindle afferents during normal movements in unrestrained cats. 
J. Neurophysiol. 42, 420-440.

Loeb, G. E., Hoffer, J. A. & Marks, W. B. (1985). Activity of spindle afferents from 
cat anterior thigh muscles. III. Effects of external stimuli. J. Neurophysiol. 54, 578- 
591.

Lundberg, A. (1979). Multisensory control of spinal reflex pathways. Prog. Brain Res. 
50, 11-28.

Lundberg, A., Malmgren, K. & Schomburg, E. D. (1978). Role of joint afferents in 
motor control exemplified by effects on reflex pathways from lb afferents. J. Physiol. 
284, 327-343.

Lundberg, A. & Oscarsson, O. (1960). Functional organization of the dorsal spino
cerebellar tract in the cat. VII. Identification of units by antidromic activation from 
cerebellar cortex with recognition of five functional subdivisions. Acta Physiol. Scand. 
50, 356-374.

Lysholm, J., Tegner, Y. & Gillquist, J. (1984). Functional importance of different clini
cal findings in the unstable knee. Acta Orthop. Scand. 55, p. 472.

MacKay, W. A., Kwan, H. C., Murphy, J. T. & Wong, Y. C. (1980). Modulation of 
late stretch reflexes during a cyclic elbow movement. Soc. Neurosci. Abstr. 6 , 217.

Markolf, K. L., Bargar, W. L., Schoemaker, S. C. & Amstutz H. C. (1981). The role 
of joint load in knee stability. J. Bone Joint Surg. 63A, 570- 585.

Markolf, K. L., Mensch, J. S. & Amstutz, H. C. (1976). Stiffness and laxity of the 
knee - The contribution of the supporting structures. J. Bone Joint Surg. 58A, 583- 
594.

Marsden, C. D., Rothwell, J. C. & Day, B. L. (1984). The use of peripheral feedback 
in the control of movement. Trends in Neurosci. 7, 253-257.

Matthews, B. H. C. (1933). Nerve endings in mammalian muscle. J. Physiol. 78, 1-53.
Matthews, P. B. C. (1972). Mammalian muscle receptors and their central actions. Ed

ward Arnold Ltd. London.
Matthews, P. B. C. (1977). Muscle afferents and kinaesthesia. Br. Med. Bull. 33, 137- 

142.
Matthews, P. B. C. (1982). Where does Sherrington’s ‘muscular sense’ originate? Muscle, 

joint, corollary discharge? Ann. Rev. Neurosci. 5, 189-218.



46 Per Sjölander

Maunz, R. A., Pitts, N. G. & Peterson, B. W. (1978). Cat spinoreticular neurones: 
Locations, responses and changes in responses during repetitive stimulation. Brain 
Res. 148, 365-379.

McCall, Jr. W. D., Farias, M. C., Williams, W. J. & Bernent, S. L. (1974). Static and 
dynamic responses of slowly adapting joint receptors. Brain Res. 70, 221-243.

McCloskey, D. I. (1978). Kinesthetic sensibility. Physiol. Rev. 58, 763-820.
McIntyre, A. K., Proske, U. & Tracey, D. J. (1978a). Afferent fibres from muscle 

receptors in the posterior nerve of the cat’s knee joint. Exp. Brain Res. 33, 415- 
424.

McIntyre, A. K., Proske, U. & Tracey, D. J. (1978b). Fusimotor responses to vol
leys in joint and interosseous afferents in the cat’s hindlimb. Neurosci. Lett. 10, 
287-292.

Meyers, D. E. R. & Snow, P. J. (1982). The responses to somatic stimuli of deep 
spinothalamic tract cells in the lumbar spinal cord of the cat. J. Physiol. 329, 355- 
371.

Mountcastle, V. B. (1957). Modality and typographic properties of single neurones 
of cat’s somatic sensory cortex. J. Neurophysiol. 20, 408-434.

Millar, J. (1975). Flexion-extension sensitivity of elbow joint afferents in the cat. Exp. 
Brain Res. 24, 209-214.

Mulder, T. & Hulstyn, W. (1984). Sensory feedback therapy and theoretical knowledge 
of motor control and learning. Am. J. Physical. Med. 63, 226-244.

Newton, R. A. (1982). Joint receptor contributions to reflexive and kinesthetic respon
ses. Phys. Ther. 62, 22-29.

Nichols, R. T. (1987). The regulation of muscle stiffness. Implications for the con
trol of limb stiffness. Med. Sports Sci. 26, 36-47.

Noyes, F. R., Keller, C. S., Grood, E. S. & Butler, D. L. (1984). Advances in the 
understanding of knee ligament injury, repair, and rehabilitation. Med. Sci. Sports 
Exerc. 16, 427-443.

O’Connor, B. L. & McConnaughey, J. S. (1978). The structure and innervation of cat 
knee menisci and their relation to a "sensory hypothesis" of meniscal function. Am. 
J. Anat. 153, 431-442.

Oscarsson, O. & Rosén, I. (1963). Projection to cerebral cortex of large muscle spindle 
afferents in forelimb nerves of the cat. J. Physiol. 169, 924-945.

Palmer, I. (1958). Pathophysiology of the medial ligament of the knee joint. Acta. Chir. 
Scand. 115, 312-318.

Petersén, I. & Stener, B. (1959). Experimental evaluation of the hypothesis of ligamen- 
to-muscular protective reflexes. III. A study in man using the medial collateral liga
ment of the knee joint. Acta Physiol. Scand. 48, suppl. 166, 51-61.

Phillips, C. G., Powell, T. P. S. & Wiesendanger, M. (1971). Projection from low- 
threshold muscle afferents of hand and forearm to area 3a of baboon’s cortex. 
J. Physiol. 217, 419-446.

Polâcek, P. (1966). Receptors of the joint: Their structure, variability and classification. 
Acta Facultat. Med. 23, 1-107.

Pope, D. F., Cole, K. J. & Brand, R. A. (1989). The ACL does not contribute to 
monosynaptic reflexes in the cat. Abstr of papers, 35th Ann Meet, Orthop Res Soc, 
Febr 8-9, Las Vegas.

Pope, M. H., Johnson, R. J., Brown, D. W. & Tighe, C. (1979). The role of the mus
culature on injuries to the medial collateral ligament. J. Bone Joint Surg. 61A, 398- 
402.



A Sensory Role for the Cruciate Ligaments 47

Prochazka, A. & Hulliger, M. (1983). Muscle afferent function and its significance for 
motor control mechanisms during voluntary movements in cat, monkey, and man. 
Adv. Neurol. 39, 93-132.

Proske, U., Schaible, H.-G. & Schmidt, R. F. (1988). Joint receptors and kinaesthesia. 
Exp. Brain Res. 72, 219-224.

Provins, K. A. (1958). The effect of peripheral nerve block on the appreciation and 
execution of finger movements. J. Physiol. 143, 55-67.

Rack, P. M. H. (1981). Limitations of somatosensory feedback in posture and move
ment. In: Brooks, V. B. (ed) Handbook o f Physiology, The nervous system II. 
American Physiological Society, Bethesda, pp. 229-256.

Rossi, A. & Grigg, P. (1982). Characteristics of hip joint mechanoreceptors in the cat. 
J. Neurophysiol. 47, 1029-1042.

Samuel, E. P. (1952). The automatic and somatic innervation of the articular cap
sule. Anat. Ree. 113, 53-70.

Schaible, H, -G. & Schmidt, R. F. (1983). Response of fine medial articular nerve af
férents to passive movements of the knee joint. J. Neurophysiol. 49, 1118-1126.

Schaible, H. -G., Schmidt, R. F. & Willis, W. D. (1986). Responses of spinal cord 
neurones to stimulation of articular afferent fibres in the cat. J. Physiol. 372, 575- 
593.

Schaible, H. -G., Schmidt, R. F. & Willis, W. D. (1987a). Enhancement of the respon
ses of ascending tract cells in the cat spinal cord by acute inflammation of the 
knee joint. Exp. Brain Res. 6 6 , 489-499.

Schaible, H. -G., Schmidt, R. F. & Willis, W. D. (1987b). Convergent input from ar
ticular, cutaneous and muscle receptors onto ascending tract cells in the cat 
spinal cord. Exp. Brain Res. 6 6 , 479-488.

Schutte, M. J., Dabezies, E. J., Zimny, M. L. & Happel, L. T. (1987). Neural anatomy 
of the human anterior cruciate ligament. J. Bone Joint Surg. 69A, 243-247.

Schultz, R. A., Millar, D. G., Kerr, C. S. & Micheli, L. (1984). Mechano-receptors in 
human cruciate ligaments. J. Bone Joint Surg. 6 6A, 1072-1076.

Schwestka, R., Windhorst, U. & Schaumberg, R. (1981). Patterns of parallel signal 
transmission between multiple alpha efferents and multiple la afferents in the cat 
semitendinosus muscle. Exp. Brain Res. 43, 34-46.

Sherrington, C. S. (1894). On the anatomical constitution of nerves of skeletal muscles: 
With remarks on recurrent fibres in the ventral spinal nerve-root. J. Physiol. 17, 
211-258.

Sherrington, C. S. (1906). The integrative action o f the nervous system. Constable, Lon
don.

Skoglund, S. (1956). Anatomical and physiological studies of knee joint innervation in 
the cat. Acta Physiol. Scand. 36, suppl. 124, 1-101.

Sojka, P. (1985). Studies on ipsilateral and crossed reflex actions on fusimotor neurones. 
Umeå University Medical Dissertations, New Series No. 143.

Solomonow, M., Baratta, R., Zhou, B. H., Shoji, H., Bose, W., Beck, C. & D ’Ambrosia, 
R. (1987). The synergistic action of the anterior cruciate ligament and thigh muscles 
in maintaining joint stability. Am. J. Sports Med. 15, 207-213.

Spencer, J. D., Hayes, K. C. & Alexander, I. J. (1984). Knee joint effusion and quad
riceps reflex inhibition in man. Arch. Phys. Med. Rehabil. 65, 171-177.

Stener, B. (1959). Experimental evaluation of the hypothesis of ligamento-muscular 
protective reflexes. I. A method for adequate stimulation of tendon receptors in the 
medial collateral ligament of the knee joint of the cat. Acta Physiol. Scand. 48, 
suppl. 166, 5-26.



48 Per Sjölander

Tropp, H. (1986). Pronator muscle weakness in functional instability of the ankle joint. 
Int. J. Sports Med. 7, 291-294.

Tropp, H. (1985). Functional instability o f the ankle joint. Linköping University, Dis
sert. no. 202.

Voorhoeve, P. E. & van Kanten, R. W. (1962). Reflex behaviour of fusimotor neurones 
of the cat upon electrical stimulation of various afferent fibres. Acta Physiol. Phar
macol. Neerland 10, 391-407.

Wei, J. Y., Simon, J., Randic, M. & Burgess, P. R. (1984). Ascending spinal 
axons that signal position of the hindlimbs under static conditions: Location and 
receptor input. Exp. Brain Res. 54, 7-22.

Wei, J. Y., Simon, J., Randic, M. & Burgess, P. R. (1986). Joint angle signaling 
by muscle spindle receptors. Brain Res. 370, 108-118.

Windhorst, U. & Meyer-Lohmann, J. (1977). The influence of extrafusai muscle ac
tivity on the discharge patterns of primary muscle spindle endings. Phltigers 
Arch. 372, 131-138.

Windhorst, U., Schmidt, J. & Meyer-Lohmann, J. (1976). Analysis of the dynamic 
responses of de-efferented primary muscle spindle endings to ramp stretch. Phlügers 
Arch. 366, 233-240.

Wood, L. & Ferrell, W. R. (1984). Response of slowly adapting articular mechanorecep- 
tors in the cat knee joint to alterations in intra-articular volume. An. Rheumat. Dis
eas. 43, 327-332.

Wood, L., Ferrell, W. R. & Baxendale, R. H. (1988). Pressures in normal and acute
ly distended human knee joints and effects on quadriceps maximal voluntary con
tractions. Quart. J. Exp. Physiol. 73, 305-314.

Wyke, B. (1981). The neurology of joints: A review of general principles. Clin. Rheumat. 
Disease 7, 223-239.

Zimny, M. L. (1988a). Mechanoreceptors in articular tissues. Am. J. Anat. 182, 16-32.
Zimny, M. L. (1988b). Mechanoreceptors in human intra-articular tissues. In: Hnik, P., 

Soukup, T., Vejsada, R. & Zelena, J. (eds) Mechanoreceptors. Plenum Pubi. Corp. 
pp. 325-329.

Zimny, M. L., Albright, D. J. & Dabezies, E. (1988). Mechanoreceptors in the human 
medial meniscus. Acta Anat. 133, 35-40.

Zimny, M. L., St. Onge, M. & Schutte, M. (1985). A modified gold chloride method 
of the demonstration of nerve endings in frozen sections. Stain Technol. 60, 305- 
306.

Zimny, M. L., Schutte, M. & Dabezies, E. (1986). Mechanoreceptors in the human 
anterior cruciate ligament. Anat. Ree. 214, 204-209.


