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1.  Preface 

 
Whether or not proprioception contributes to oculomotor control has been a matter 

of debate for several years. Extensive studies of mammalian extraocular muscles 

have significantly increased the knowledge of oculorotatory muscle receptor 

presence and morphology. A well-documented disparity of muscle receptor 

complement between species, however, has complicated the comprehension of the 

potential role of such a feedback system. For example man and sheep have a 

generous supply of muscle spindles in their extraocular muscles, while monkey, cat 

and dog have non. A similar disparity obtains for Golgi tendon organs. A modified 

form of the latter receptor has been described in sheep, whilst myotendinous 

cylinders have been described in man, cat, sheep and monkey. Furthermore, some 

of the tendon receptors are exclusively associated with Felderstruktur fibres, which 

complicates the picture even more.  

 
Since the morphology and distribution of receptors in extraocular muscles seems to 

be species dependent, one may argue that the nature of the proprioceptive signal 

also varies from one type of animal to another and assume such variations in 

afferent signals to have functional implications. Based upon the existing 

comparative picture of muscle receptor population in the various species, different 

hypotheses regarding the presence and role of proprioception in oculomotor control 

have evolved.  

 
The potential implications are not discussed in the current document and remains to 

be dealt with in future publications. The purpose of this study has primary been to 

assemble data regarding sensory innervation of extraocular muscles, with emphasis 

on afferent nerve terminals, and secondarily describe various theories regarding the 

components contributing to spatial stability and oculomotor control.  

This manuscript is a product of thorough reviews of the existing literature as well 

as examinations of extraocular muscles from man, sheep, cat, monkey, rabbit, 

guinea pig and rat. The study, which is presented as a literature review, will 

hopefully be of good use for the reader as a reference manual and facilitate the 

understanding of the oculomotor control system.  
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3. Afferent innervation of the extraocular muscles  

 

3.1  Sensory nerve terminals 

 

The central nervous system (CNS) records variations within the body and the 

closest environment by cells, so called sensory receptors, which have differentiated 

to respond selectively and with great precision to different stimuli. The receptors 

are present in considerable numbers, and appear in different forms, some being 

more elaborate than others. They are located throughout the body:  in epithelium, 

muscular tissue, in joints, ligaments, tendons or myotendinous junctions, depending 

on their role and function.  

The receptors detect stimuli either directly by the peripheral end of a sensory 

neuron itself, by a peripheral nerve ending intermingling among special accessory 

cells and/or extracellular elements, or by having special, often non-neural, cells 

detect the stimulus and then activate the peripheral process of the sensory neuron.  

 
Several classification systems, based on different criteria, have been introduced to 

classify the various receptors. A commonly used system divides receptors 

according to their distribution in the body: exteroceptors, proprioceptors and 

interoceptors.  

Interoceptors are receptors of the visceral afferent pathways, distributed in the walls 

of visceral glands and vessels. Their terminations include free nerve endings, 

encapsulated terminals as well as endings associated with specialised epithelial 

cells. 

Exteroceptors and proprioceptors are receptors of somatic afferent pathways, so 

called somatosensory receptors. Exteroceptors, found at or close to the body 

surfaces, respond to external stimuli. They are further sub-divided into cutaneous 

sense organs and special sensory organs, the former comprising free endings and 

encapsulated terminals in skin and hair, the latter being specialised sensory 

structures such as gustatory, olfactory, acoustic and visual receptors.  
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Proprioceptors inform the CNS about the state of the body, responding to stimuli 
from within. In skeletal muscles such afferent impulses might be regarding their 
 

 
 
 
 

FIG.  3-1 THE AFFERENT AND EFFERENT COMPONENTS OF THE CENTRAL  AND PERIPHERAL NERVOUS SYSTEM  
 

FIG.  3-2 ILLUSTRATION OF HOW RECEPTORS DETECT STIMULI:  A) BY THE PERIPHERAL END OF A SENSORY NEURON, B) BY 
THE PERIPHERAL NERVE ENDING INTERMINGLING AMONG CELLS AND/OR EXTRACELLULAR ELEMENTS, C) BY SPECIAL, OFTEN 
NON-NEURAL, CELLS DETECTING STIMULI AND THEN ACTIVATING THE PERIPHERAL SENSORY NERVE ENDING.   D RESEMBLES 
C, BUT IS ENTIRELY LOCATED WITHIN THE CNS.    
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degree of contraction, information that subsequently is integrated with afferent 

impulses from tendons, ligaments and joint capsules, producing an awareness of 

body position. This category of receptors includes tendon organs, muscle spindles, 

Pacinian corpuscles, as well as other endings in joints and vestibular receptors.  

 

Sense organs may alternatively be categorised into three major groups based on 

their previously mentioned relation to the CNS; neuro-epithelial receptors, 

epithelial receptors and neuronal receptors. Neuro-epithelial receptors are directly 

connected to second order neurones in the CNS. They have their somata located 

peripherally, near the sensory surface, and their axons ending in the CNS. The only 

example of this type in mammals is the sensory cell of the olfactory epithelium.  

The receptors of the second group, epithelial receptors, are modified from the cells 

of a non-nervous sensory epithelium. They are innervated by primary sensory 

neurones, with their soma situated near the CNS. Examples of these sense organs 

are gustatory and auditatory receptors. Visual receptors are in many ways similar in 

their form and relations.  

The receptors in the third group, neuronal receptors, are primary sensory organs, 

provided by nerves with soma located in craniospinal ganglions and the peripheral 

axons endings being the sensory terminals. Cutaneous sensors and proprioceptors, 

often encapsulated structures, are representatives of the third group.  

 

Furthermore, sensory receptors may also be classified according to the type of 

stimuli or energy form to which they are especially sensitive: mechanoreceptors, 

photoreceptors, thermoreceptors, chemoreceptors and osmoreceptors. 

Mechanoreceptors are sensitive to deformation induced by touch, pressure, sound 

waves etc. The other receptors are receptive to changes in osmotic pressure.  

 

3.2  Muscle sense and receptors in the extraocular muscles 
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Sensory receptors of muscles are examples of mechanoreceptors. Being disposed in 

deep rather than surface tissues of the body, they are classified as proprioceptors. 

They respond to muscle contractions and stretch, tension, movements of joints and 

changes in body position. Proprioception, a term introduced by Sherrington (1906) 

for what he claimed was a reflex system based on the afferent signals these 

receptors initiate, consequently plays an essential role in position sense, 

coordination of movement, grading of muscular contraction and maintenance of 

body posture and balance (Ruskell, 1999).   

 
Somatic musculature responsible for minute movements are supplied with a higher 

frequency and wider complement of such sensory receptors compared to trunk 

muscles performing larger movements. The unique speed and high precision of eye 

movements hence suggest a particularly elaborate muscle control system in the 

extrinsic muscles of the eye.  

Vision is a supplementary source of information, unique for the oculorotatory 

muscles. However, to confidently locate an object in visual space, both the position 

of the retinal image and of the eye relative to the head needs to be known. The 

central nervous system hence must receive extraretinal signals regarding eye 

position and movements as well. The presence of such complementary information 

has, amongst others, been established in a study by Matin (1986), where eye 

position sense was proven available even in the absence of vision.  

Whether or not afferent signals or “inflow” from proprioceptors in the extraocular 

muscles and their tendons provides this essential source of information has been a 

matter of debate for many years. The attributes of proprioception in somatic 

musculature in providing conscious position sense in addition to regulating posture 

is not necessarily applicable to EOM. In contrast to trunk muscles, a fixed 

predictable relationship between muscle contraction and resultant movement is 

present in the EOMs. The eyeball, which is almost spherical, additionally rotates 

around its own centre of gravity, resulting in a constant load (Howard, 1982) 

without gravity influences on the muscle force when moving the eye to different 

positions in the orbit (Steinbach, 1987). Furthermore, stretch reflexes, generated in 

somatic muscles, are absent in monkey (Keller and Robinson, 1971), cat (McCouch 

and Adler, 1932; Baker et al., 1972) and human EOMs (Irvine and Ludvigh, 1937).  
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Several researchers have consequently excluded “inflow” (the centrally directed 

information from muscles) as the major contributor to oculomotor control and a 

different source of signals for the oculomotor control system has therefore been 

considered. This theory, which originally was introduced by Helmholtz as far back 

as in 1862, proposes copies of the efferent signals sent to the eye muscle, also 

termed corollary discharge signals or “outflow”, to provide all information needed 

for the CNS to specify eye position (Carpenter, 1977; Guthrie et al., 1983). 

Proprioception from the EOMs is argued unnecessary due to the presence of the 

highly efficient exteroceptor, the retina, and because of the likely ability of the    

CNS to monitor efferent outflow from the brainstem. During ocular paralysis, a 

condition where change in proprioceptive input evidently is lacking, patients 

experience motion of the visual scene while attempting to move the eye, yet the 

retinal picture has not been altered (Brindley et al., 1976). Such reports strongly 

support the theory of efference copy being the potential extraretinal signals taking 

part in the determination of eye position. The perceptual mislocalizations occur 

both in unstructured and structured visual field, yet being slightly smaller in the 

latter (Matin et al., 1982; Bridgeman and Grazanio, 1989).  

Other studies, investigating subjects without binocular problems, also report 

findings, which support the importance of efference copy in oculomotor control. 

Circumstances resulting in approximately corresponding proprioceptive signals, but 

with a difference in efferent innervation, for instance saccadic eye movements and 

swift displacements of the eye by finger pressure, give different experiences with  

regard to apparent movement of the visual scene. Despite shifts in retinal images 

under both circumstances, movements are only perceived during the latter situation. 

This is consistent with the theory of Helmholtz, which indicates that the visual   

scene remains stable merely when there is a balance between retinal image 

displacement and effort of will to move the eye. The lack of efferent innervation in 

the latter situation and the resulting movement of the visual scene as a consequence 

of this imbalance, support the notion that efference copy plays a vital role in 

oculomotor control and eye position sense. Or otherwise expressed, the experience 

of a stable visual scene during eye movements is dependent upon efference copy. 
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It is, nevertheless, still possible that other sensory receptors, for instance located in 

the retrobulbar fascia, cornea, conjunctiva or other periorbital structures, may be 

responsible for informing the CNS about the orientation of the eye in the orbit or at 

least contribute to position sense. However, applying anaesthetics on the anterior 

ocular surfaces while artificially rotating the eye, give results that support the   

notion of efference copy as the main contributor to oculomotor control (Irvine and 

Ludvigh, 1937; Brindley and Merton, 1960; Skavenski, 1972). The anaesthetized  

subjects report similar movements of the visual scene, yet being totally unaware of 

having moved the eyes.  
 

FIG.  3-3 ILLUSTRATION OF THE HYPOTHESIS WHERE VISION, EFFERENCE COPY AS WELL AS PROPRIOCEPTION ARE THOUGHT TO 
CONOTRIBUTE TO OCULOMOTOR CONTROL  
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the term proprioception but also was the first to propose a perceptual role for 

extraocular afferent feedback when describing potential receptors in monkey   

EOMs. As strongly as their opponents argue in favour for efference copy, the 

supporters of proprioception, based on the numerous studies indicating its  
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existence, feel confident to claim that “inflow” must contribute to oculomotor 

control and spatial stability. They emphasize the actual presence of different 

proprioceptors in the EOMs of various species (Bach-y-Rita and Ito, 1966; Barker, 

1974, Maier et al., 1975; Steinbach and Smith, 1981) and the frequently reported 

signs of afferent signals from the EOMs (Cooper et al., 1955; Donaldson and Long, 

1980; Buisseret and Maffei, 1977, Ashton et al., 1988). Hering’s observation of 

people blind in one eye since birth and yet having apparently perfectly conjugate 

eye movements as adults, supports this notion of proprioception taking a part in 

ocular position sense. Maintaining conjugacy is a complicated task for the CNS. 

The muscles involved have different contractile properties, which again require 

good feedback so that different amounts of innervation during shifts of fixation in 

horizontal eye movements may be provided (Meredith and Goldberg, 1986).  

Fiorentini and Maffei (1977) similarly demonstrate that proprioception supplies 

some sort of stability signals for fixation since eyes of cats show increased   

instability in darkness after cutting their proprioceptive pathway in the ophthalmic 

nerve. Campos and co-workers (1986) demonstrate the role of proprioception in 

spatial localization in patients with active herpes zoster ophthalmicus, a condition 

affecting the trigeminal nerve, yet not its efferent division. They measured open- 

loop pointing responses, and found constant errors of target localization during the 

active phase of infection. Assuming that proprioceptive afferent signals, as in cats, 

are conducted through the ophthalmic nerve in humans, this similarly suggests 

proprioceptively derived information regarding eye position also to be present in 

humans. Steinbach and Smith (1981) claimed to have found the same results in   

their study of strabismus operated patients, where myotendinous regions,  

potentially containing proprioceptors, were surgically manipulated and localization 

problems occurred. The actual presence of proprioceptors in these areas of adult 

human EOMs was later confirmed by Richmond et al. (1984). Steinbach and Smith 

(1981) found the open-loop pointing errors to coincide approximately with the 

amount of surgical eye rotation, and hence claimed to have found reliable proof of a 

perceptual role for proprioception.      
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  FIG. 3-4  ILLUSTRATION OF THE EYE PRESSURE METHOD APPLIED BY STARK AND BRIDGEMAN (1983) 
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At this point no studies have been able to produce fully satisfactory evidence,  

which favours one of the systems against the other. They all have limitations with 

respect to eliminating all potential sensory elements apart from the one being 

investigated. The two potential contributors to the oculomotor control system, 

however, do not necessarily mutually exclude each other. Stark and Bridgeman 

(1983) showed, by using an eye pressure method, that both systems actually might 

be collaborating during normal eye movements. When slowly pressing on the side 

of the eye, while the other eye is occluded, the oculomotor control arrangement 

stabilizes the system so that fixation is maintained. A mismatch between visual 

input and efference copy apparently leads to an increase of the efferent innervation 

to the eye without changing its position. In this situation both eyes get the same 

increased innervation and as a result, if efference copy was the only contributor to 

position sense, the resulting movement of the occluded eye should match the 

perceptual deviation. This is, however, not the case. There is a slight deviation in 

the results, implicating a dominance of efference copy, yet also a presence of 

proprioception. After supplementary studies (Bridgeman and Stark, 1991) the same 

scientists conclude that proprioception, though it provides a significant supplement 

to the registration of eye position in unstructured visual fields, only function as a 

back-up system for the principal influence of efferent copy signals. Similar results 

have also been obtained in other surveys (Optican et al., 1985; Gauthier et al., 1990 

and 1995). The relative contributions of the two potential systems in all situations, 

however, still remain unknown.   

 

During the vehement search to fully understand oculomotor control, proprioception 

has been proposed to hold alternative roles in the control system. The development 

of the visual system, metabolic changes, pathological conditions as well as age 

related degenerations might influence the fixed relationship between muscle 

contraction and resultant movement (Ludvigh, 1952). Such alterations need to be 

accounted for, and since increase of muscle activity is seen initiated when the 

effectiveness of the extraocular muscle is reduced (Optican et al., 1985), calibration 

of the system has been suggested as a possible task for proprioception (Steinbach, 

1986).  
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It is assumed to be particularly important during the development of binocularity 

and of the visual system. Gary-Bob et al. (1986) demonstrated that afferent signals 

from the ophthalmic nerve affected the cortical development in kittens, yet the 

detailed knowledge of what the signals provide to the development is unclear.  

Diamond (Hain and Diamond, 1983), who surgically severed the afferent pathway 

in cats, found visually guided behaviour to be disturbed, but in developing animals 

only. Graves and co-workers (1987), again using cats, reported results implying 

ocular proprioception to be necessary in the development of normal depth 

perception.  Ruskell (1989) reported the presence of fragmented, anomalous muscle 

fibres in adult human muscle spindles, indicating a degeneration of the receptors as 

a consequence of presumed redundancy. These anomalous muscle fibres were, 

however, subsequently also revealed in infants (Bruenech and Ruskell, 1993), 

which decrease their potential value during development of binocular vision in 

humans.  

 

Proprioception has also been suggested to be vital in the long-term adaptive 

calibration process related to injuries and pathological ocular conditions (Lewis et 

al., 1994). While Lewis investigated monkey EOMs, Dengis and co-workers (1998) 

examined humans with respect to such a role for proprioception. By comparing 

strabismus patients injected with botulinum toxin with a control group, they found 

proprioception only to be active during lasting changes. The results from open-loop 

pointing were the same in both groups in situations with acutely changed eye 

positions, indicating efference copy to supply the necessary information.  

 

There are further questions regarding the anatomy and physiology of ocular 

proprioception. The sensory receptors found in skeletal muscles are either absent or 

present in modified forms in the extrinsic eye muscles of many species. Large 

variations in the presence, distribution, frequency and complement of 

proprioceptors occur between species (Maier et al., 1975; Barker, 1974). Variations 

in the afferent pathway between the various animal groups are also found (Eggers, 

1982).  

Uncertainties also apply to the alternative concept of efference copy, but some 

supportive evidence from primates is available (Richmond and Wurtz, 1980).  
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3.3   Muscle spindles 

 

The sensory receptors in extraocular muscles are subdivided according to the same 

criteria and classification systems as skeletal receptors. There is, however, a larger 

variation in proprioceptor types, complement and morphology in the extrinsic eye 

muscles than in somatic cross-striated musculature. The receptors most frequently 

found, and now to be described, are muscle spindles, Golgi tendon organs and 

palisade endings or myotendinous cylinders (Ruskell, 1999). 

 

Muscle spindles, mechanoreceptors only found in the musculature of vertebrates, 

represent one of the most complex sensory receptors in somatic musculature. These 

important proprioceptors are numerously distributed in connective tissue, lying in 

parallel with and between bundles of muscle fibres, and thought to have highest 

density in musculature with high demand for delicate movements and sensory input 

(Barker, 1974). They are the length-registering receptors of skeletal muscles, 

signalling the length of the somatic muscle fibres throughout activity and   

relaxation, as well as the velocity and changes in velocity during contraction. 

Information conveyed by these proprioceptors is thought to participate in several 

control mechanisms, including stretch reflexes. Apart from preventing undesirable 

changes in muscle length caused by changes in the load acting on the muscle, this 

mechanism helps to maintain balance when involuntary, sudden body movements 

take place due to displacement of body weight. Underlining their importance even 

further, the signals also contribute to position and movement sense of the body 

(Carpenter, 1988).  

 

Seen from a historical point, as described in many papers on sensory receptors 

(Cooper and Daniel, 1949; Sas and Appeltauer, 1963; Barker, 1974), Weissmann 

(1861), while investigating teased frog skeletal muscles, was the first to recognise 

the muscle spindle as a discrete entity. He suggested them to be ordinary muscle 

fibres splitting up to form additional fibres. Kühne (1863), on the other hand, was 
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the first to imply these spindles to have some sort of physiological function for the 

muscle contraction. His theory, however, was long ignored but his term 

«Muskelspindeln», which was referring to its fusiformed shape, was rapidly 

adopted.  

Many suggestions on its nature were made in the subsequent studies, such as 

pathological formations, centres of muscle regeneration and even parasites. Only a 

few decades later, however, the muscle spindles were finally accepted as sense 

organs due to the existing similarities between the spindle and the encapsulated   

tendon organ, which had been discovered by Golgi in 1880. The sensory nature of 

the tendon organ was yet still to be proven, but it was generally believed that Golgi 

was correct in assuming that it was a receptor recording muscle tension, and hence 

the spindles were surmised to have a proprioceptive function as well. Kerschner   

and Ruffini, around 1890, supported this hypothesis. They were convinced by the 

complex form and nature of the nerves innervating the intracapsular muscle fibres, 

which they, moreover, were the first to describe in any detail in mammals. 

Sherrington, in 1894, assembled the necessary proof for their sensory nature by 

finding them to remain intact in cat and monkey musculature after cutting the 

ventral neural roots. Through his work he also introduced the term «equatorial 

region» for the widest and fluid-filled part of the receptor that holds the area of 

sensory innervation. He distinguished between this area and the «polar region» of 

the muscle fibres, which extend to each side within the receptor.  

 

Not only do ocular muscle spindles show morphological variations between species 

(Barker, 1974; Ruskell, 1989), they also slightly differ from conventional, skeletal 

muscle spindles (Buzzard, 1908, Maier et al., 1975). The structure of the latter is, 

nonetheless, still highly applicable as a model when describing the former.  

Apart from some smaller differences between species, most conventional muscle 

spindles show rather identical features. The elongated spindle-shaped receptors 

have a diameter of about 0.2 mm at their widest portion in man, a length of about  

1-5 mm (Brodal, 1990) and are almost entirely enclosed by an external capsule of 

connective tissue. The cells composing the capsule are thin, flat perineural cells, a 

continuation of the perineurium of the nerve innervating the receptor. They are 

arranged in a concentric tubular fashion, alternating with layers filled with collagen 
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fibres, giving the capsule a laminated appearance. The number of layers varies 

slightly, both between spindles in the same muscle and between different muscles. 

Nerve fibres, in company with capillaries, occasionally course for long distances 

between these lamellae. 

 

At the equatorial region the spindle expands its diameter to give space for 

intracapsular fluid, which together with the capsule serves as a shock absorber, 

protecting the spindle from being stimulated by lateral pressure exerted by muscle 

contraction (Brzezinski, 1961). The periaxial space is continuous with the 

subperineural space surrounding the supplying nerve trunk, which again implies an 

ultimate communication with the subpial space surrounding the spinal cord. Since 

all these spaces are fluid-filled, it is reasonable to assume that both the central and 

peripheral nervous system are enclosed within a fluid-filled envelope of epithelial 

cells, part of which forms the capsule and the periaxial space of the spindle (Barker, 

1974). 

 

Rather short, thin and uniquely formed muscle fibres, 4-12 in number, are 

suspended within the capsule and course through the receptor along its axis. To 

distinguish them from the thicker muscle fibres outside the spindle, the extrafusal 

fibres, these fibres are termed intrafusal muscle fibres. A thin sheet of connective 

tissue invests the intrafusal fibres in the equatorial region, forming an inner capsule 

named the axial sheet of Sherrington. Supporting strands of trabecular tissue 

protrude from this sheet and traverse the periaxial space to fuse with the external 

capsule wall where it is at its thickest. 
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FIG. 3-5  MUSCLE SPINDLE (FUNDAMENTALS OF NEUROPHYSIOLOGY 2.ED, SCHMIDT) 

 

The majority of the periaxial space is confined to the expanded receptor zone, 

which usually occupies the middle third of the spindle length. Only a very narrow 

extension of the intracapsular lumen continues for some length along each polar 

region, but these prolongations are so thin that electron microscopy is required for 

detection. At each pole the capsule thins down, forms a collar, which closes the 

intracapsular lumen, for then to finally disappear. The number of intrafusal muscle                 

fibres decreases, and the ones remaining tend to spread out and pursue individual 

courses to intramuscular connective tissue, tendon, or extrafusal endomysium. 

Two different types of intrafusal muscle fibres may be distinguished 

microscopically; nuclear chain fibres and nuclear bag fibres, the latter being  

slightly longer and thicker than the former (Cooper et al., 1955). Both fibre types 

have been reported in several mammalian skeletal spindles, usually with the  

nuclear chain fibres outnumbering the bag fibres. Within the equatorial region all 

fibres, regardless of type, become modified. They undergo a marked increment in 

nucleation and almost a total drop in contractile elements. The nuclear bag fibres 
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here possess a short region with accumulated round nuclei, over 50-100 in number 

depending on the length of the bag, which tapers off on either side into a row of 

elongated nuclei within the central core of sarcoplasm. The nuclear chain fibres 

reduce their diameter to a little more than that of each nucleus and their lenticular 

nuclei, about 20-50 in number, are displaced from a peripheral to a central location 

to form an equatorial chain. Bag nuclei in sheep spindles are 6-9 µm in diameter, 

the chain nuclei 9-12 µm long and 6 µm wide. 

The bag fibres often extend well beyond the limits of the capsule. In certain species 

some of the chain fibres extend beyond the limits of the capsule as well. The 

majority are, however, attached to the inner wall at the poles or form strong lateral 

attachments to it before emerging for a short distance. 

 

The intrafusal fibres are unique not only in respect of size and nucleation, but also 

through their polyneural supply by sensory as well as motor fibres. They receive 

their sensory innervation in the equatorial region, and the length of the periaxial 

space and capsule vary according to the number of sensory endings present. Thick 

myelinated axons, primary afferents described as group Ia, terminate as 

unmedullated annulospiral endings on the modified region of both fibre types in  

most mammals (Barker, 1974). Nuclear chain fibres receive an additional   

secondary sensory innervation from finer fibres, described as group II, which 

terminate as non-myelinated flower-spray and annulospiral endings on each side     

of the primary ending. Primary endings respond to both degree and rate of stretch  

of a muscle, while secondary endings respond to degree of stretch only.  

 

Myelinated, fine efferent axons innervate both fibre types and terminate on their 

contractile polar regions (Sas and Appeltauer, 1963). Thin, unmyelinated 

autonomic nerves, related to blood vessels, are also found.  

The purpose of the efferent innervation of the intrafusal muscle fibres is not to 

provide further contractile force for the muscle as a whole, but to regulate the 

sensitivity of the spindles to stretch. This motor innervation is composed of small 

fibres from gamma (γ) motoneurones, a term introduced by Leksell (1945) to 

distinguish them from the larger alpha (α) motor nerves endings on extrafusal 

fibres. A muscle spindle response is initiated by stretch of its afferent endings.  
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An α innervation of the extrafusal fibres will create an offload of the intrafusal 

fibres. γ efferent impulses elicit contraction of the intrafusal fibres in their polar 

areas. By co activating α and γ efferent nerves the contraction of the intrafusal 

fibres compensate for the α induced offload. The γ impulses hence function as a 

sensitivity regulating mechanism, preparing the receptor to respond to stretch 

regardless of muscle length. 

 

 

3.4   Muscle spindles in extraocular muscles 

 

Extraocular muscles are often described as musculature performing fine graded 

movements, with a high need of sensory input and abundant supply of muscle 

spindles. This is, however, rather misleading. Not only are there confusingly large 

variations in receptor distribution between species (Harker, 1972; Barker, 1974; 

Maier et al., 1975), some spindles in extrinsic eye musculature also show structural 

departure from the conventional receptors (Cooper and Daniel, 1949; Ruskell, 

1989, Bruenech and Ruskell, 1993, Bruenech and Ruskell, 2001). Certain animal 

groups possess few, if any muscle spindles, whilst others have a generous supply. 

Similar inconsistencies even occur between animals of the same species. Currently, 

spindles have been described in the EOMs of man, chimpanzee, mouse, sheep, 

goat, cow, ox, pig, deer, giraffe, wild boar and gnu. None have been found in cat, 

rat, rabbit, macaque monkey, dog, hare, fox, baboon, cheetah and birds (Cooper and 

Daniel, 1949; Greene and Jampel, 1966; Harker, 1972; Barker, 1974; Ruskell and 

Wilson, 1983; Maier et al, 1975; Billig et al., 1997). With regard to structural 

peculiarities, nuclear bag fibres are present in very low numbers in human ocular 

receptors (Ruskell, 1989), while both types of intrafusal fibres are present in ocular 

muscle spindles of sheep (Ruskell, 1979). Anomalous fibres, a term introduced by 

Ruskell for intrafusal muscle fibres lacking equatorial nucleation, are other peculiar 

features present in human adults as well as infants (Ruskell, 1989; Bruenech and 

Ruskell, 1993; Blumer et al, 1998).  
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No obvious explanations have yet been found for these distributional variations and 

structural peculiarities. Long lasting debates regarding their potential functional   

role in oculomotor control and numerous investigations have been initiated due to 

the irregularities. Conclusive results, however, revealing the full nature of the story 

remain to be revealed. 

 

According to receptor related literature (Cooper et al., 1955; Ruskell, 1999) the 

presence of muscle spindles in human EOMs was mentioned for the first time in 

1888 by Siemmerling. Buzzard (1908) was, however, the first to describe and 

illustrate them with micrographs. A few years later, 1910, they were also found in 

the EOMs of several other mammals. Through this extensive study of non-primate 

species, Cilimbaris (1910) was able to present the first detailed structural 

description of the receptor. Their regular presence in human EOMs was, however, 

not wholly accepted until they were re-described in detail by Cooper and Daniel 

(1949). Merrillees et al. (1950), who confirmed the findings, revealed the receptors 

to be present in a surprisingly high number, as many as 71 being found in one  

single human EOM. Most of these spindles were seen in the proximal and distal 

third of the muscle, away from the motor end-plate zone in the middle region, and 

in the muscle periphery.  

However, using encapsulation alone as a criterion for identifying muscle spindles is 

now known to be inadequate as groups of extrafusal fibres are sometimes briefly 

enclosed by a capsule, forming so-called false spindles (Ruskell, 1984). 

Their presence partly accounts for the lower number of spindles per muscle, from 2 

to 34, that has been reported more recently in human EOMs by other authors  

(Lukas et al., 1994; Bruenech and Ruskell, 2001). 

 

Spiral nerve endings, described for the first time by Dogiel (1906), might have 

caused a similar confusion in evaluating muscle spindle distribution. These 

structures, resembling Kühne’s spindle (1864), are muscle fibres, mostly 

encapsulated, with a complicated spiral nerve ending. They have been assumed to 

be of sensory origin (Daniel, 1946; Barker, 1974), until Ruskell and Wilson (1983), 

Ruskell (1984) and Billig et al. (1997) in their study of monkey, man and cat 

respectively, proved them to be efferent nerve fibres. Ruskell (1984) described  
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them as myelinated efferent nerve endings which wrap around extrafusal muscle 

fibres, making three to eight complete turns around a muscle fibre of any size, with 

small clusters of terminal boutons occurring at intervals along the fibre.  

 

 

 

 

 

 

 

 

 

 

 

FIG. 3-6  HUMAN SPIRAL NERVE ENDING (RUSKELL, 1999). “N” REPRESENTS MOTOR NERVE, “M” MUSCLE FIBRE,  “S” SHEATH 
AND “ E” NERVE ENDING. 
 

 

The extraocular muscle spindles of sheep are in most respects of standard skeletal 

spindle form (Ruskell, 1989). The human ocular spindles, in contrast, show several 

atypical features (Buzzard, 1908; Sas and Appeltauer, 1963; Ruskell, 1989). They 

are smaller and more delicate than their counterparts in somatic muscles (Maier et 

al., 1975). The periaxial space is very reduced (Sas and Appeltauer, 1963) and the 

equatorial region ill defined, giving the extraocular receptor a more cylindrical 

appearance rather than a fusiformed shape (Ruskell, 1989). The equatorial diameter 

varies from 10 to 182 µm and they have a length from 47 up to 1640 µm (Cooper 

and Daniel, 1949, Merrillees et al., 1950; Sas and Appeltauer, 1963; Ruskell, 1989, 

Bruenech and Ruskell, 2001). The longest receptors tend to have the widest 

equatorial region. 

 

The thin capsule, containing 2 to 4 laminae of fibrous tissue, occasionally splits to 

include an extrafusal muscle fibre. A complete inner capsule is usually not present, 
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but many muscle fibres are invested by rather disorganised strands of connective 

tissue cells, which again make contact with the outer capsule.  

Between 1 and 18 intrafusal muscle fibres occupy human ocular spindles (Ruskell, 

1989; Lukas et al., 1997, Bruenech and Ruskell, 2001). The numbers, which appear 

to be unrelated to spindle length, compare relatively well with those of the 

conventional spindles. In contrast, the fibres show a larger variation in their 

diameters (Cooper and Daniel, 1949), many of them even being comparable with 

surrounding extrafusal fibre size (Buzzard, 1908; Cooper and Daniel, 1949; 

Merrillees et al., 1950; Lukas et al., 1997). The spindles located in muscle areas 

with small extrafusal fibres tend to have small intrafusal fibres, and vice versa 

(Ruskell, 1989; Bruenech and Ruskell, 2001).  

Very few of the human intrafusal fibres show an accumulation of nuclei which 

would identify them as nuclear bag fibres. A larger proportion of the muscle fibres 

are of nuclear chain type (Sas and Appeltauer, 1963; Ruskell, 1989; Lukas et al., 

1997; Bruenech and Ruskell, 2001); the remainder are either bag fibres, having two 

or three nuclei lying abreast in the myotube region, or so-called anomalous fibres 

(Ruskell, 1989; Lukas et al., 1997).  

 

Human nuclear chain fibres have centrally placed nuclei in the myotube region and 

sometimes along the whole length of the intrafusal fibre, with little contractile 

elements throughout. No motor end plates are distinguished in the polar areas (Sas 

and Appeltauer, 1963), their sensory regions are almost always out of register and 

the majority of the nuclear chain fibres in adults and infants are fragmented 

(Ruskell, 1989; Blumer et al., 1998; Ruskell, 1999; Bruenech and Ruskell, 2001).  

 

Anomalous fibres occur exclusively in human extraocular muscles. They enter the 

spindles at the poles, have peripherally located nuclei, no equatorial modification, 

and myofilamentous material occupies the entire fibre length (Ruskell, 1989; 

Bruenech and Ruskell, 2001). The fibres often fail to run the full length of the 

spindle. Lukas and co-workers (1997) claimed all of them, like other intrafusal 

fibres, to be richly innervated by primary sensory endings. Ruskell (1989), on the 

other hand, found only 7 % to have a supply of sensory nerve fibres while Blumer 
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fibres, to be richly innervated by primary sensory endings. Ruskell (1989), on the 

other hand, found only 7 % to have a supply of sensory nerve fibres while Blumer 

et al. (1998) reported none. Motor terminals were, however, present in the polar 

areas. 

These chain fibres, anomalous muscle fibres and fragmented fibres are amongst the 

peculiarities of human extrinsic eye spindles which have generated questions about 

their ability to function as proprioceptors (Harker, 1972; Ruskell, 1989; Ruskell, 

1999). Based on these features human ocular spindles have been suggested to be 

phylogenetically redundant (Ruskell, 1989). Their additional lack of protection 

against environmental disturbances has been found to strengthen the notion even 

further. Limited axial space and a consequential lack of buffer against external 

influences, such as contraction of local extrafusal fibres, are implied to affect the 

function normally attributed to spindles. A simultaneous contraction of the 

unmodified muscle fibres within the spindle would also abnormally excite the 

sensory endings.   

FIG.  3-7  MICROGRAPH OF A MUSCLE SPINDLE IN SHEEP EOM, LM/TS, STAINED WITH TOLUIDINE BLUE 

 

Muscle spindles are distributed with a much higher frequency in the oculorotatory 

muscles of artiodactyls; 148 and 181 have been reported in single EOMs of sheep  

by Cilimbaris (1910) and Harker (1972) respectively. Levator palpebrae superioris 

have between 23 and 61 spindles distributed throughout the muscle (Cilimbaris,   
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1910; Harker, 1972). Most spindles are found in the periphery of the rotatory 

muscles, while they are randomly distributed in LPSs. Some of them appear in 

closely connected groups, so called compound spindles (Barker, 1974). 

 

In contrast to the human receptors, the spindles in sheep have a structure that 

conforms to that of skeletal muscle spindles (Ruskell, 1989). From 2 to 16 standard 

intrafusal muscle fibres are present, chain fibres outnumbering the bag fibres 

(Harker, 1972; Ruskell, 1989). They show a continuous range of fibre diameters, 

the nuclear bag fibres generally being larger. All fibres are substantially smaller in 

diameter than the surrounding extrafusal fibres, in average 12 µm verses 21 µm, 

and their motor innervation compares with that of somatic muscle spindles (Harker, 

1972; Ruskell, 1989). All sensory regions are in register.  

An inner capsule surrounds the bundles of muscle fibres, which are centrally placed 

within the capsular lumen. The spindles show the conventional wide equatorial 

expansion, with a diameter varying between 95 to 175 µm. The intracapsular lumen 

is abundantly filled with fluid (Ruskell, 1989), which separates the inner and outer 

capsules. 

  

The investigations of monkey and ape EOMs have revealed less consistent results. 

Yet discharges in fibres of the peripheral oculorotatory nerves have been registered 

in response to stretching EOMs, indicating a potential presence of stretch receptors 

in monkey (Cooper and Fillenz, 1955); some researchers were unable to find any 

spindles in this species (Sherrington, 1893; Cooper and Daniel, 1949). Others have, 

however, discovered a few (Cooper et al., 1955; Greene and Jampel, 1966; Maier et 

el., 1975). These spindles resembled human spindles by being smaller than 

conventional spindles, not possessing a clear equatorial expansion and, in some 

instances, seemingly lacking enclosed nerves. Similar inconsistent results were   

obtained with regard to the larger primates, baboons and chimpanzees. Some 

scientists have found a few of these spindles in certain EOMs of baboons, whilst 

others found none (Maier et al., 1975; Durston, 1974). Cooper and Daniel (1949) 

similarly discovered a few receptors in chimpanzees.   
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3.5      Golgi tendon organs 

 

Tendon of somatic musculature holds several kinds of sensory nerve endings, some 

being more complex than others. The terminals are either simple, naked branches of 

axons spreading amongst the tendon fibrils in various treelike figures or relatively 

complicated forms of encapsulated structures, the Golgi tendon organ (GTO) being 

by far the most common.    

 

Golgi tendon organs are slightly less complex than muscle spindles. They are found 

in a majority of muscles containing muscle spindles and are regarded to be a part of 

the standard proprioceptive equipment in mammalian striated somatic musculature. 

 

FIG. 3-8  SCHEMATIC DIAGRAM OF THE LOCATION AND INNERVATION OF MUSCLE SPINDLE AND GOLGI TENDON ORGAN IN CAT 
SKELETAL MUSCLE  (BARKER, 1974) 
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The tendon organs are most frequently observed at the musculo-tendinous 

junctions, although some of them occasionally occur in intramuscular junctions or 

centrally within pure tendon as well (Bridgeman, 1968; Schoultz and Swett, 1972). 

They lie in series with the muscle fibres, usually attached to a small group of   

muscle fibres at one pole, and connected to an aponeurosis or tendon at the other. 

The proprioceptors are slowly adapting receptors, sensitive to mechanical forces 

exerted at the musculo-tendinous boundaries during passive stretch or active 

contraction (Houk and Henneman, 1967). Muscle spindles contribute to the 

regulation of motor activity by initiating reflex contractions of the muscle when 

being stretched. GTOs participate in the same regulation of muscle activity, but 

through an inverse stretch reflex circuit, which initiates a relaxation of the muscle 

when being stretched over a certain length. The latter receptor thus functions as a 

muscle force regulator whilst muscle spindles regulate muscle length. For many 

years the GTOs have generally been defined as high threshold receptors due to their 

slow response to mechanical stretch. The elasticity of the muscle fibres, which take 

up much of the stretch during passive lengthening, was thought to partially explain 

the need of a strong stimulation for the receptor to respond. Scientists now also find 

them to be low threshold receptors when responding to tension generated by 

normally contracting muscle fibres (Jami, 1992).  

 

According to the literature (Barker, 1974; Hunt, 1974; Zelena and Soukup, 1977; 

Ruskell, 1999), GTOs were described for the first time by Golgi in 1880. He 

discovered them in a broad range of animals and called them musculo-tendinous 

organs because he found one end of the tendon organ always to be muscular and the 

other tendinous. Eight years later Cattaneo (1888) established the sensory nature of 

the terminals by showing that tendon organ and its innervation remained intact after 

cutting the ventral roots of the nerves supplying the somatic muscle. Huber and De 

Witt (1900) were the first to present comprehensive information regarding the 

morphology of the GTO.  

 

Further knowledge about structure, innervation and distribution of the tendon 

organs in various species have successively been provided throughout the following 
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decades. The minute structure of tendon receptors was, however, not fully exposed 

until 1962 when Merrillees, in his EM study of rat GTOs, revealed a close 

interrelation between the sensory nerve terminals and the collagen bundles that 

occupies the receptor lumen. Several studies have been undertaken since then and 

the various ultrastructural features even more thoroughly described (Schoultz and 

Swett, 1972, 1973). 
 

 

FIG. 3-9  GOLGI TENDON ORGAN   (SCHOULTZ AND SWETT, 1972) . “A” REPRESENTING THE MUSCLE FIBRE TO WHICH  THE 
GTO IS ATTACHED, “B” THE MUSCULAR POLE, “C” THE ENTRY OF THE SENSORY NERVE, “D” THE  WIDEST PART OF THE 
CAPSULE , “E” THE TENDINOUS POLE AND “T” THE TENDON.   

 

Tendon organs in somatic musculature are generally described as encapsulated 

bundles of small tendon fascicles innervated by a large myelinated afferent nerve. 

They have an elongated fusiformed shape and like muscle spindles, their presence 

and dimensions vary between muscles as well as between species. Skeletal GTOs 

of rat are approximately 650 µm long, with a maximal diameter of 50 µm 

(Bridgeman, , 1970). Tendon organs in cats have an average length of 500 µm and 

measure 100 µm across the widest part, but both thinner and longer, up to 1100 µm, 
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receptors have been reported (Bridgeman, 1970; Schoultz and Swett, 1972, 1973; 

Barker, 1974). The encapsulated tendon is generally attached to 3-4 muscle fibres, 

but this structural feature also varies between species. Bridgeman (1970) found the 

GTOs of rat to be formed by tendinous fascicles of 5-6 muscle fibres, cat GTOs up 

to 25, while human GTOs connected to 10-20 muscle fibres. 

 

The capsules of tendon receptors are less developed than their counterparts in 

muscle spindles. It is composed of several thin layers of concentric, highly 

attenuated, overlapping capsule cells, separated by interlamellar spaces of varying 

width, which contain collagen fibrils and small scattered bundles of microfibrils. 

Most of the collagen fibrils are of smaller diameter than those of the central muscle 

tendon and run in parallel with the long axis of the capsule. Oblique and 

circumferentially orientated bands of collagen do, however, occasionally occur.   

The capsule covers the receptor from pole to pole. As in muscle spindles, its cells 

share the morphological features of perineural epithelial cells, hence being a direct 

continuation of the perineural sheath surrounding the supplying nerve (Schoultz   

and Swett, 1973; Barker, 1974). 

 

At the poles the capsule constricts to form tight fitting collars around the bundles of 

collagen. The tightness of the collars produces an effective seal for the   

intracapsular fluid. The muscle fibres converge sharply as they approach the 

proximal capsule opening, but they never seem to enter the capsular lumen. In their 

course beyond this point all muscle fibres are replaced by collagen fibrils, which 

subsequently emerge from the intracapsular lumen at the opposite pole to blend 

with the central tendon of the muscle. The collagen bundles within the receptor are 

smaller and not as tightly packed as those forming ordinary tendon.  

 

In the polar areas the capsule is prolonged into septa, which divide the bundles into 

longitudinal compartments. In these regions the collagen fibrils are relatively 

densely packed, but as they course through the receptor they get more loosely 

bundled. The compartments successively become irregularly shaped as more and 

more fluid-filled spaces separate the collagen bundles. At this level other attenuated 
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cells, incompletely surrounding the compartments, replace the capsule cell 

extensions. These equatorial septa are made of cellular elements distinctly different 

from capsule cell extensions with extremely thin and long fibrocyte processes.   

 

The septa at the proximal pole encircle collagen fibres from a distinct set of muscle 

fibres. The various compartments in the mid-region of the receptor are, however, 

not necessarily associated with the same groups of collagen fibres as they were at 

the pole. In this vicinity the compartments subdivide and then rejoin and     

frequently incorporate collagen fibres from other bundles. The fascicles in the mid-

region are generally smaller and more numerous than those at either end 

(Bridgeman, 1968). The number of collagen fibres emerging from the distal capsule 

opening is, nonetheless, roughly half the number entering at the proximal pole.  

 

The receptor wall is more or less uninterrupted apart from the site where nerve 

fibres and blood vessels penetrate the capsule to supply the GTO. At this point, 

about midway along the receptor length, the perineural sheath of the nerve fibres 

becomes continuous with the outer lamellae of the capsule and the subperineural 

fluid and the intracapsular fluid intermix (Steer and Horney, 1968; Schoultz and 

Swett, 1973). The small blood vessels approaching the GTO alongside the nerve   

are rarely seen entering the intracapsular lumen. They supply the capillary branches 

of the capsule wall, which run between the laminae, perpendicular to the axis of the 

receptor. These branches subsequently drain into a venule on the opposite side of 

the receptor, which again usually is orientated parallel to the receptor axis. 

 

The nerve fibres supplying the GTOs are derived from intramuscular nerve trunks. 

The majority of the axons are large and myelinated, originating from primary 

afferent Ib nerves or their myelinated branches (Barker, 1962). The remaining  

fibres are small and unmyelinated, assumed to innervate the smooth muscle fibres    

in the vascular walls. Other efferent innervation is not present in these receptors. 

Whilst the latter nerve fibres never seem to enter the GTO lumen, the afferent Ib 

fibres ultimately ramifies and have their terminals widely spread amongst the 

spiralling compartments of collagen within the receptor body.  
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Both myelinated and unmyelinated Ib axons are found in the various intracapsular 

compartments, but unmyelinated terminals are only seen amongst and in close 

contact with loosely organised collagen fibrils (Schoultz and Swett, 1973). The  

large Ib nerve divides into two main branches just prior to or after entering the 

equatorial region of the GTO. When having reached a central position within the 

lumen, the branches subdivide even further and take opposite longitudinal courses 

to provide innervation to both receptor halves. As they advance within centrally 

located compartments, usually devoid of collagen, they divide repetitively and 

finally give rise to small unmedullated branches. At this point the unmyelinated 

fibres are still invested by Schwann cell processes and basal lamina, but as the  

small collaterals project radially to take a sinuous course between and around the 

loosely organised collagen bundles in the surrounding compartments, they become 

uncovered terminal axons. The small terminal branches possess numerous irregular 

varicosities providing large terminal surfaces. They ultimately terminate in a 

number of arborisation, encircling and attaching to the small, subdivided collagen 

fascicles in an irregular fashion. Such terminals are found at most levels within the 

receptor body, none, however, occur in the densely packed compartments of the 

poles. The Schwann cells, covering all the primary afferent fibre except the most 

distal parts of the terminals, are distinguishable from septal cells by the presence a 

basal lamina and by their larger and rounder profiles of the nuclei.  

 

In the early stages of GTO development contacts are made between nerve terminals 

and muscle fibres. As the receptors mature after birth the fibres withdraw from the 

encapsulated receptor and neuromuscular contacts are lost (Zelena and Soukup, 

1977). 
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FIG. 3-10 DEVELOPMENT OF GTOS  IN RAT SKELETAL MUSCLE (ZELENA AND SOUKUP, 1977).  “A” REPRESENTS DAY 21 
GESTATION, “B” 3 DAYS AFTER BIRTH, “C” 5 DAYS AFTER BIRTH AND “D” 14 DAYS AFTER BIRTH.  
 

 

Several suggestions have been made with regard to the response mechanism of the 

GTO. A mechanical deformation of the sensory terminals, which again propagate an 

action potential, seems currently to be the most applied surmise. Muscle contraction 

or passive elongation stretches the collagen bundles and because of the close 

entwined arrangement between collagen and axon terminals, the latter are likely to get 

squeezed and distorted concurrently (Merrillees, 1962; Bridgeman, 1968; Swett and 

Schoultz, 1972). Increased tensile force on the collagen in the GTO hence, dependent 

upon the intensity and duration of the mechanical stimulus; induces action potentials 

(Hunt 1974).  

 
 

 

FIG. 3-11 THE CLOSE RELATIONSHIP BETWEEN COLLAGEN AND NERVE ENDINGS WITHIN A GTO (SCHOULTZ AND SWETT, 1972). 
THE ARROW POINTING TOWARDS THE NEURAL TISSUE. 

  A                     B                        C                            D 
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Muscle spindles and tendon organs are occasionally located very close to each 

other. The intrafusal muscle fibres of a muscle spindle some times attach to the end 

of a GTO, linking them together. More frequently, however, the two types of 

proprioceptors are found alongside each other in a juxtaposition referred to as 

spindle-tendon organ dyad (Marchand et al., 1971). Tendon organs in such dyads in 

cat tend to be larger than the solitary ones (Barker, 1974). Paciniform terminals 

have also been described among the GTO population. 

 

3.6   Golgi tendon organs in extraocular muscles 

 

Golgi described tendon organs in skeletal muscles, but overlooked their presence in 

ocular musculature. Marchi (1882) was hence the first to find such neurotendinous 

afferent endings in EOMs and he also exposed them in a wide variety of species. A 

few years later, in 1891, Ciaccio produced the first detailed illustrations (Ruskell, 

1999). Several studies of EOMs have subsequently been undertaken during the 

following century and the presence of receptors in extraocular tendons of various 

species confirmed (Huber, 1900; Dogiel, 1906; Cooper and Daniel, 1949; 

Bonavolunta, 1956; Ruskell, 1990; Blumer et al., 2000; Kjellevold Haugen, 2001).  

 

Ocular tendon receptors often show structural features which contrast to those of 

conventional GTOs.  Large variations in morphology and distribution between 

species as well as between individual animals occur (Ruskell, 1978; Alvarado-

Mallart and Pinçon-Raymond, 1979; Ruskell, 1990). A classification system 

exclusive for EOM tendon receptors has been suggested and a subdivision into    

two main groups is now commonly acknowledged - Golgi tendon organs and 

palisade endings/myotendinous cylinders (Ruskell, 1978; Alvarado-Mallart and 

Pinçon-Raymond, 1979; Ruskell, 1990). Descriptions of the latter ocular structures 

will be given separately. In this section attention will be restricted to those 

structures either explicitly of GTO form or closely resembling them. 
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Golgi tendon organs are not frequently observed in EOMs. They are absent in the 

distal extraocular tendons of cat and man (Richmond et al., 1984; Sodi et al., 1988), 

and occur rarely in the distal tendon of monkeys (Ruskell, 1979). Proximal GTOs 

had not been exposed in any species, until the recent work on sheep EOMs by 

Ruskell in 1990, where they were found abundantly distributed. The reason for this 

is probably neglect of the proximal tendon as a possible site for tendon receptors, 

rather than an absence of receptors in this muscle region. In this animal proximal 

receptors are scattered over the full extent of the orbital aponeurosis, including the 

most distal tips of tendon. The proximal global surface, with little tendon, contains 

only a few. As many as 23 and 12 receptors were counted in the SRM and LPS 

respectively. Their length varies from 250 to 1350 µm. The capsules are made of 2-

7 layers of capsule cells, separated by thin lamellae of collagen with axial 

orientation. Like their counterparts in skeletal muscles, the capsule cells of the 

ocular receptors are continuous with the perineural cells of the supplying nerve. 

 

 

FIG. 3-12 MICROGRAPH OF A GTO IN SHEEP EOM, LM/TS, STAINED WITH TOLUIDINE BLUE 

Although the structure of ocular GTOs in sheep complies rather well with 

conventional GTOs, certain modifications are observed. The collagen bundles 
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within the lumen of the receptors are grouped into columns, up to seven in number, 

and incompletely lined by fibroblast processes. In contrast to skeletal GTOs, these 

longitudinal compartments are separated by significantly larger fluid filled spaces, 

allowing very few columnar contacts within the central receptor body (Ruskell, 

1979, 1990). The fluid spaces are gradually reduced to a minimum in the polar 

regions, leaving the distal and proximal ends with less than half of the central 

width. This arrangement gives the ocular tendon organs a far more fusiformed 

appearance than their counterparts in skeletal musculature. Although some 

receptors show regions surprisingly unoccupied by intracapsular structure, the bulk 

of collagen is rather constant along a GTO.  

 

The supplying nerve, comprising 2-3 myelinated fibres, and a few blood vessels 

normally approaches the receptor from the muscle side. A few nerves, nonetheless, 

are seen to gain access from the opposite direction, through the body of the tendon. 

The nerves enter the GTO at any position along the length, mostly close to the polar 

regions. Their arborisation and distribution of unmyelinated nerve fibres within the 

collagen compartments follows the pattern of conventional GTOs. Many of the 

terminals are small and oval, thinly covered by Schwann cell processes and a basal 

lamina, whilst others form annular enclosures of the collagen bundles, usually 

completed by Schwann cell processes without a basal lamina. The density and 

spread of terminals varies from one receptor to the other, and some GTOs also 

possess compartments without neural ramifications. 

 

In even greater contrast to GTOs of skeletal muscles, a minority of ocular GTOs in 

sheep have up to 3 muscle fibres entering the pole rather than just attaching 

externally to it. This unusual feature is also shared by the small and rare GTOs in 

monkey EOMs. Some of the fibres only advance a short distance while others 

continue deep into the receptor before terminating. Certain muscle fibres pass 

within the collagen columns, but the majority of them have a separate path,  

invested by thin, interrupted fibroblast processes. Regardless of their intracapsular 

course, all muscle fibres subsequently split into numerous finger-like processes and 

terminate in collagen bundles. These muscle fibres show morphological features 
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resembling Felderstruktur fibres. T-systems and sarcoplasmic reticulum are   

scarcely distributed in their sarcoplasm. The myofibrils have a close apposition, Z-

lines are thick, the mitochondria small and infrequent, and motor terminals are 

occasionally present close to the fibre termination. 

 

The presence of muscle fibres within the capsular lumen resembles the structural 

features of the immature GTO demonstrated in rat somatic musculature by Zelena 

and Soukup (1977). Based on this morphological similarity, some scientists argue 

that the ocular GTOs of sheep holding such peculiar features might have been 

retarded in their development (Ruskell, 1979).   

 

Skeletal GTOs were initially classified as high threshold receptors in their response 

to passive stretch and later also as low threshold receptors in response to tension 

generated by normally contracting muscle fibres (Jami, 1992). 

 

If GTOs, as firstly assumed, not only function as a muscle force regulator, but also 

respond differently to tension induced by the contracting muscle and passive stretch 

of the antagonist, this indicates that they may have a second role; contributor to eye 

movement sense (Ruskell 1999). Their presence would hence be of great 

significance, especially in the species lacking muscle spindles.  

 

3.7    Palisade endings and myotendinous cylinders 

 

Palisade endings (PEs) are a particular type of nerve endings, generally found in 

association with specific myotendinous complexes in the EOMs of several species. 

The name PEs was introduced by Dogiel (1906) and expresses the shape of the 

nerve endings. They are described as fine neural filaments appearing as a basket of 

terminals or a «palisade» around the extremity of one muscle fibre tip. PEs are 

presumed to be of sensory nature and probably occur exclusively in extrinsic eye 

muscles of mammals.  
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The term myotendinous cylinder (MTC) was introduced in a study by Ruskell in 

1978. He investigated monkey EOMs and reported many MTCs in the distal 

myotendinous region. The nerve terminals showed large resemblance to PEs and, 

despite a few morphological differences, Ruskell categorized them to be of 

identical type. The nerve endings were enveloped by a capsule and since the other 

encapsulated receptors, muscle spindles and Golgi tendon organs, are named 

according to their shape and/or location, he suggested that the myotendinous end 

organ and the incorporated palisade endings should have a comparable description; 

“myotendinous” for location and “cylinder” for form.  

In recent literature the terms palisade ending and myotendinous cylinder tend to be 

used interchangeably. In this literature review the receptor will be referred to as a 

MTC.  The term palisade ending will only be applied when referring to the neural 

elements within the receptor.  

 

Myotendinous cylinders were once incorrectly referred to as GTOs, due to a certain 

structural resemblance. More recent studies have revealed that ocular tendon 

receptors in fact hold several forms, some of them contrasting to such an extent 

from conventional GTOs that a subdivision of the ocular tendon receptors was 

found necessary. The unique structural features of MTCs are now well documented 

and the receptors are appreciated as separate proprioceptors (Barker, 1974; Ruskell, 

1978; Alvarado-Mallart and Pinçon-Raymond, 1979; Billig et al., 1997; Ruskell, 

1999; Kjellevold Haugen, 2001). 

 

As described in the literature (Barker, 1974; Billig et al., 1997; Ruskell, 1999), 

numerous studies of extraocular tendon have revealed an extensive distribution of 

MTCs. Their occurrence is reported in cat (Dogiel, 1906; Tozer and Sherrington, 

1910; Alvarado-Mallart and Pinçon-Raymond, 1979; Billig et al., 1997), rabbit 

(Tozer and Sherrington, 1910) and camel EOMs (Crevatin, 1902). MTCs are also 

found in monkey (Dogiel, 1906, Tozer and Sherrington; 1910; Ruskell, 1978), man 

(Dogiel, 1906, Richmond et al., 1984, Sodi et al., 1988, Lukas et al., 2000, 

Bruenech and Ruskell, 2000) and sheep (Blumer et al., 1998). Dogiel (1906) 

furthermore found them in dog, horse, and ox. Cooper and Daniel (1949), who re-

described MTCs in humans, also noted briefly MTCs in proximal tendons. MTCs 
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were some years later also revealed in the proximal tendon of cat EOMs (Alvarado-

Mallart and Pinçon-Raymond, 1979). No such receptors have been described in 

guinea pig (Aigner et al., 1997) or rat. Despite the wide distribution the 

proprioceptor is hence not be considered a general feature of mammalian EOMs. 

Whether they actually occupy both myotendinous poles in other species than man 

and cat, is yet also unknown.  

 

About 50 MTCs have been counted in one single tendon of cat EOM (Alvarado-

Mallart and Pinçon-Raymond, 1979). They were connected to some of the multiply 

innervated fibres of the global layer, distributed in both the distal and proximal 

muscle insertions of all EOMs (Alvarado-Mallart and Pinçon-Raymond, 1979).  

MTCs are even more numerously distributed in the distal tendon of monkey EOMs 

(Tozer and Sherrington, 1910; Ruskell, 1978). Nearly every Felderstruktur fibre of 

this species terminates in such an encapsulation and one rectus monkey muscle 

contained as many as 450, 19% of them lacking innervation. The receptors are 

found in the surrounding areas of myotendinous boundaries on both aspects of the 

extrinsic eye muscles in monkey, with a slightly greater incidence at the orbital 

surface. Whether or not they are present in the proximal region of monkey EOM 

has not been determined. 

No exact numbers have been presented with respect to the distribution of MTCs in 

sheep EOMs. Blumer and co-workers (1998), who examined a medial rectus 

muscle from sheep, did however report that the receptors are numerously spread in 

distal myotendon, associated with Felderstruktur fibres of the global layer.   

 

Myotendinous cylinders lie in series with the muscle fibres and are, like Golgi  

tendon organs, usually related to muscle fibres at one end of the receptor and  

tendon at the other. Their distribution in myotendinous junctions, encapsulation   

and innervation by axons terminating in intracapsular collagen as well as in the 

vicinity of muscle fibre tips have influenced several scientists to consider the nerve 

endings as sensory.  

The receptors were proposed a sensory role by early authors such as Tozer and 

Sherrington (1910). However, results from their study on cat and monkey EOMs 

revealed that axons innervating these tendon structures ran within oculorotatory 
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nerves, leading other researchers to argue a motor function for the nerve terminal. 

When Cheng (1963) examined human EOMs histochemically and exposed cuffs of 

cholinesterase in the myotendinous junctions, he assumed he had stained the nerve 

endings and joined the supporters of a motor function. A degeneration of the MTCs 

following destruction of the oculorotatory cranial nerve nuclei (Sas and Schab, 

1952) was by several scientists also thought to strengthen the hypothesis.   

Ruskell (1978), who was the first to undertake a detailed study of the ultra-structure 

of the receptor and its nerve supply, utterly supported the notion of an afferent 

nature. Alvarado-Mallart and Pinçon-Raymond (1979) came to the same 

conclusions in their study published shortly after. They based their arguments on 

the results revealed in their examination of monkey and cat EOMs respectively; the 

complex ultrastructure of these nerve endings as well as their intimate relation to 

both muscle fibre and bundles of tendon.  

 

The current understanding is that nerves forming palisades within the MTCs are of  

a sensory nature. Histological studies of their ultrastructure and studies applying 

neuronal tracers convincingly report results that support an afferent origin (Ruskell, 

1978; Alvarado-Mallart and Pinçon-Raymond, 1979, Billig et al., 1997). The cuffs 

of cholinesterase reported by Cheng (1963) are argued unrelated to MTCs, since all 

muscle fibres in EOMs and skeletal musculature show a high cholinesterase 

activity at their myotendinous junction (Couteaux, 1953) and MTCs are associated 

with only a small fraction of the muscle fibres. The fact that MTCs are associated 

with muscle fibres where motor innervation is already provided, equally favour a 

sensory function (Alvarado-Mallart and Pinçon-Raymond, 1979).  
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FIG. 3-13  PALISADE ENDINGS  (ALVARADO-MALLART &PINÇON-RAYMOND, 1979). THE ARROWS ARE POINTING TOWARDS 
THE NEUROMUSCULAR CONTACTS. “MF” REPRESENTS MUSCLE FIBRE AND  “CAP” CAPSULE. 
 

 

The MTCs found in cat, monkey and sheep EOMs show only minor morphological 

differences (Alvarado-Mallart and Pinçon-Raymond, 1979; Ruskell, 1978, Blumer  

et al., 1998).  They are encapsulated by 1-3, 4-9 and 3-5 lamellae of concentric 

over-lapping flat cells respectively. Unlike muscle spindles and GTOs, the capsule 

cells resemble fibrocytes. They are not continuous with the perineurium of the 

supplying nerve, nor do they generally form intracapsular septa.  

A narrow extracellular space, sometimes penetrated by bundles of collagen and 

microfibrils, separates the cellular layers. The capsule is fairly cylindrical and in cat 

it constricts at the extremities to tightly enclose the collagen at one end and a 

muscle fibre at the other. In monkey the capsule forms a sleeve around the muscle 

fibres for then to continue forward into tendon, most commonly without 

constricting. 

The capsular lumen is densely packed with collagen fibrils and fibrocytes in 

between. Processes of the latter produce an intracapsular network, but still leaves 

the bundles of collagen assembled in one compartment. There is little difference 

between the collagen within and outside the receptor.  

There is generally one single muscle fibre associated with each receptor. The 

involved muscle fibres bear the same features as multiply innervated muscle fibres 

and are therefore categorized as Felderstruktur fibres. The diameter of the 

associated muscle fibres roughly gives the diameters of the receptors and the fibres, 

slightly increased in diameter at the level of the tips, are commonly found near the 

mid-point of the cylinders.  
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A few myotendinous cylinders in monkey EOMs have been seen accommodating 

more than one muscle fibre within the receptor and one muscle fibre has also been 

seen to split and contribute to two MTCs.  

 

 

 

 

 

 

 

 

 

 

FIG. 3-14  MYOTENDINOUS CYLINDER (RUSKELL, 1978). “M” REPRESENTS THE  MUSCLE, “G”  ITS RELATED MOTOR NERVE, 
”N” THE  SENSORY NERVE FIBRE OF THE PES AND “C “ THE CAPSULE. 
 

The innervating nerve advances through muscle in bundles of 2-4 (cat) and 1-7 

(monkey) thinly myelinated axons. In monkey, an unmyelinated bundle 

occasionally also accompanies the myelinated fibres towards the MTC. The nerve 

fibres proceed into the tendon and then loop and return to the myotendinous region 

where they enter the collagenous end of the capsule to form palisade endings within 

the lumen. There is usually a one to one relation between receptor and number of 

supplying axons, but in some cat MTCs several axons are involved. Occasionally a 

single myelinated axon also splits to supply several neighbouring receptors in cat 

EOMs.  

The axon penetrates the capsule at a tendon level or enters the capsule at the open 

tendinous end. It divides repeatedly as it enters the MTCs, loses its perineurium and 

myelin inside the capsule and subsequently ends as a multitude of varicose terminal 

ramifications in the myotendinous junction. The axon retains a Schwann cell’s 

investment when it splits into preterminal branches inside the capsule. This is lost 

as the branches divide further and become terminal branches. The muscle fibre tip 

shows longitudinal infoldings of variable length and width in the myotendinous 

junction. Some nerve branches enter these longitudinal folds of the muscle fibre 
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and terminate on or in close vicinity to the muscle fibre tips. These axons attach 

externally to sarcolemmal sites free of myotendinous attachments. The majority of 

the axons in cat and sheep MTCs end amongst the bundles of collagen. In contrast, 

the majority of the nerve terminals in monkey MTCs attaches to the sarcolemma.  

 

The myotendinous nerve terminals in human EOMs, initially found by Dogiel 

(1906), were later confirmed and described in detail in several studies (Cooper and 

Daniel, 1949; Richmond et al., 1984; Sodi et al., 1988; Bruenech and Ruskell, 

2000). Dogiel (1906) referred to these structures as PEs, whilst Cooper and Daniel 

(1949), who seemed to have overlooked Dogiel’s paper, regarded them as modified 

GTOs.  

Their structure does, however, depart to such an extent from the receptors  

described in cat and monkey that they even have been implied incomparable with 

MTCs (Ruskell, 1999). They are very small (Sodi et al, 1988), but an essential 

difference is that many of them lack a distinct capsule, a feature generally 

associated with MTCs and a large range of other proprioceptors. The myotendinous 

complex is partly or completely surrounded by one thin layer of flat cells, 

sometimes just barely visible with electron microscopy (Sodi et al., 1988; Bruenech 

and Ruskell, 2000). The collagen and elastic fibres within the receptor is divided 

into compartments by ramified cells. The sensory nerve fibres, possessing different 

shapes and organelles, terminate very close to the muscle fibre tips. The associated 

muscle fibre is of Felderstruktur type (Bruenech and Ruskell, 2000).  The 

distribution of these human receptors is also irregular, their frequency very low in 

some adults (Richmond et al., 1984) and even lower in infants, where none were 

found in the material investigated by Bruenech and Ruskell (1995). In addition to 

the age related difference in distribution, there is also a large inconsistency between 

individuals.  

 

The enclosed, intimate organisation of palisade nerve endings, tendon and muscle 

fibre, may have special functional implications for the receptor’s capacity to 

monitor eye movements. Like GTOs, MTCs probably propagate action potentials 

as a response to mechanical deformation of their intracapsular nerve endings. Their 

location and encapsulation, however, most likely protect the nerve terminals from 
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direct influence of external collagen movement and thus isolate the receptor from 

moderate passive stretch impacts (Ruskell, 1978; Richmond et al., 1984). Being 

associated with Felderstruktur fibres exclusively, it is also possible that 

proprioceptive signals are elicited by tension in the slow motor system only.  

 

Some MTCs in rabbit, cat and monkey EOMs are supplied by nerves which give 

rise to collateral axons that originate near the recurrent loop and ultimately end like 

tendon organs in pure tendon (Tozer and Sherrington, 1910; Alvarado-Mallart and 

Pinçon-Raymond, 1979; Barker, 1974). Such a close arrangement, two different 

terminals formed by a single nerve fibre, may have an impact on their sensory 

function. Yet physiological evidence for duality in the sensory role of the receptors 

remains to be revealed, it has been suggested that the receptors may respond 

differently to passive stretch and active contraction, and hence be contributors to 

ocular position sense (Alvarado-Mallart and Pinçon-Raymond, 1979).  

 

Like ocular GTOs of sheep, myotendinous cylinders to a certain degree resemble  

the immature tendon receptors demonstrated in somatic musculature of rat. An 

abundant number of clear vesicles are present in the terminal branches of MTCs 

(Ruskell, 1978; Alvarado-Mallart and Pinçon-Raymond, 1979; Richmond et al., 

1984) and similar vesicles are numerously found in the developing sensory endings 

of skeletal GTOs as well (Zelena and Soukup, 1977). The unique neuromuscular 

contacts found in MTCs, but generally absent in other tendon receptors, are also a 

feature present in early stages of developing skeletal GTOs (Zelena and Soukup, 

1977). The aggregation of vesicles in MTCs is however unlike the relatively 

scattered vesicle content normally found in sensory terminals (Harker, 1972;  

Barker, 1974). The nature of these vesicles is undefined, but a neurotrophic role has 

been implied in the developing GTO. Based on the morphology of the receptors, 

Baker (1974) has suggested that MTCs are a particular type of tendon organ in 

which the neuromuscular contacts established during development have been 

retained and elaborated. 
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4.  Postscript  

 

 

This study has been undertaken to present an overview of the afferent components 

of the mammalian oculomotor systems, with emphasis on sensory receptors present 

in the extraocular muscles, and secondarily to present the current theories of the 

potential role of proprioception in oculomotor control.  

 

The morphological features of the various receptors are essential in the 

understanding of oculomotor control and have consequently been comprehensively 

covered in this document. Micrographs presented in the current study, illustrating 

some of these histological elements, were taken under light microscopic 

examination of extraocular muscles. The tissues were obtained from selected 

species within the animal kingdom and prepared for microscopy according to 

standard histological procedures.  

    

Most of the information presented in the current manuscript was obtained through 

previous research undertaken by the author (Kjellevold Haugen, 2001).   

Recently published information regarding sensory receptors and their potential role 

in development and maintenance of binocular vision has been added to provide the 

reader with an updated literature review. The current document and the preceding 

publication regarding extraocular muscle morphology and their efferent 

innervation, will hopefully find applications as reference manuals in academic 

institutes teaching visual science.  
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6.List of symbols and abbreviations used in text 

 

#  Number of 

µm  Micron 

ACh  Acetylcholine 

AChE  Acetylcholinesterase 

CNS  Central nervous system 

EM  Electron microscopy 

EOM    Extraocular muscle 

GL  Global layer 

GTO  Golgi tendon organ 

IOM  Inferior oblique muscle 

IRM  Inferior rectus muscle 

LM  Light microscopy 

LPS  Levator palpebrae superioris 

LRM  Lateral rectus muscle 

MRM  Medial rectus muscle 

MS  Muscle spindle 

MTC  Myotendinous cylinder 

nm  Nanometer 

OL  Orbital layer 

PE  Palisade ending 

PNS  Peripheral nervous system 

SOM  Superior oblique muscle 

SR  Sarcoplasmic reticulum 

SRM    Superior rectus muscle 

T-system Transverse tubule system 

TS  Transverse section 
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