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PURPOSE. Skeletal and craniofacial muscles are frequently com-
posed of multiple neuromuscular compartments that serve
different physiological functions. Evidence of possible regional
selectivity in LR intramuscular innervation was sought in a
study of the anatomic potential of lateral rectus (LR) muscle
compartmentalization.

METHODS. Whole orbits of two humans and five macaque mon-
keys were serially sectioned at 10-�m thickness and stained
with Masson trichrome. The abducens nerve (CN6) was traced
anteriorly from the deep orbit as it branched to enter the LR
and arborized among extraocular muscle (EOM) fibers. Three-
dimensional reconstruction was performed in human and mon-
key orbits.

RESULTS. Findings were in concordance in the monkey and
human orbits. External to the LR global surface, CN6 bifurcated
into approximately equal-sized trunks before entering the
global layer. Subsequent arborization showed a systematic to-
pography, entering a well-defined inferior zone 0.4 to 2.5 mm
more posteriorly than branches entering the largely nonover-
lapping superior zone. Zonal innervation remained segregated
anteriorly and laterally within the LR.

CONCLUSIONS. Consistent segregation of intramuscular CN6 ar-
borization in humans and monkeys suggests functionally dis-
tinct superior and inferior zones for the LR. Since the LR is
shaped as a broad vertical strap, segregated control of the two
zones could activate them separately, potentially mediating
previously unappreciated but substantial torsional and vertical
oculorotary LR actions. (Invest Ophthalmol Vis Sci. 2010;51:
4612–4617) DOI:10.1167/iovs.10-5330

Muscles need not be controlled as if they were monolithic
structures. Many human skeletal muscles consist of mul-

tiple neuromuscular compartments in which different muscu-
lar regions are controlled by different populations of motor
neurons.1–3 For example, the human cricothyroid muscle has
three distinct bellies controlled by separate motor nerve
branches apparently serving different motor tasks.4 Numerous

skeletal muscles are compartmentally organized and controlled
by somatotopically organized motor neuron pools.5 Compart-
mentalization adds diversity to the functional repertoire of a
muscle.

Extraocular muscle (EOM) fibers and motor neurons are
known to exist in superabundance relative to the requirements
of the conventionally recognized mechanisms of eye move-
ments.6,7 It is theoretically plausible that individual EOMs
would have more than one function. The active pulley hypoth-
esis (APH) proposes that the orbital layers (OLs) of the EOMs
shift connective tissue structures to influence EOM pulling
directions, whereas the global layers (GLs) directly exert ocu-
lorotary torque. Aside from the APH, there is little knowledge
or speculation about possible compartmentalization in EOMs.

The lateral rectus (LR) is the most obvious candidate rectus
EOM for compartmentalization. Clues are already available that
the LR may be a compartmentalized EOM. The LR has traditionally
been recognized to have a dual-headed origin described as either
dividing the superior orbital fissure into inferior and superior
compartments8 or arising as two distinct slips at the common
tendinous ring.9 Classic embryology maintained that the LR arises
from what were originally considered two different myo-
tomes.10,11 Modern embryology recognizes that the avian LR
muscle arises from somitomeres 4 and 512,13 and that the abdu-
cens nerve (CN6) arises from both rhombomeres 5 and 6.12 More
recently, longitudinal splitting of the human LR has been ob-
served by magnetic resonance imaging (MRI) in congenital cranial
dysinnervation disorders, including congenital fibrosis of the ex-
traocular muscles type 1 (CFEOM1),14 Duane syndrome,15–17

congenital trochlear palsy,18 and congenital oculomotor palsy.18

In domestic mammals, CN6 innervates the LR after giving
off branches to the retractor bulbi (RB) muscle.19 The acces-
sory lateral rectus muscle (ALR), an EOM seen consistently in
monkeys but normally absent in humans,20 is believed to be
the vestigial homologue of the RB21 and has been reported
once in a human with congenital third nerve palsy.22 The ALR
shares an origin with the LR.23 In the cat, 18% of abducens
nucleus neurons innervating the ALR also innervate the LR.19

These observations suggest that the ontogenic role of CN6 is to
innervate multiple functional EOM units.

Innervation of the LR may often be grossly bifid in humans.
Autopsy evidence indicates an 8% to 15% rate of unilateral or
bilateral duplication of CN6 in humans,24–27 with splitting
sometimes as proximal as the pons itself.27 Split innervation
from CN6 to the RB and LR in nonhuman mammals, combined
with the dual origin of the LR and frequent duplication of CN6
in humans, supports the idea that CN6 may contain topograph-
ically distinct branches that may innervate separate LR func-
tional compartments.

We therefore hypothesized that that the primate LR may
contain two functional zones, controllable by topographically
segregated innervation that may confer some degree of inde-
pendence. We sought evidence to support this proposition by
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re-examining peripheral and intramuscular LR innervation in
human and nonhuman primates.

MATERIALS AND METHODS

Specimen Preparation

In conformity with legal requirements, orbits were harvested from
4-year-old (H6) and 17-month-old (H7) male human cadavers that had
been donated to a tissue bank (IIAM, Scranton, PA). The heads were
frozen to �78°C within 24 hours of death, and then slowly thawed in
10% neutral buffered formalin for 1 week before orbit extraction. The
orbits were removed en bloc with the periorbita intact and fixed in
10% neutral phosphate-buffered formalin. After a 24-hour decalcifica-
tion in 0.003 M EDTA and 1.35 N HCl, the orbits were dehydrated in
alcohol and xylenes, placed in a vacuum chamber for paraffin embed-
ding, serially sectioned in a coronal plane at 10-�m thickness, and
mounted on 50 � 75-mm gelatin-coated glass slides. Sections were
prepared by using Masson’s trichrome stain.28

After surgical implantation of scleral magnetic search coils, five
macaque monkeys participated in behavioral studies of eye movements
and strabismus at Washington University. All experiments were per-
formed in compliance with the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research and were approved by the Wash-
ington University Animal Care and Use Committee. At the conclusion
of behavioral studies at Washington University, the monkeys were
terminally anesthetized and perfused via the left ventricle with a
solution containing 2.6% paraformaldehyde, 0.1 M lysine-HCl, 0.8%
NaIO4, and 0.8% iodoacetic acid (pH 7.4; modified PLP-fixative). The
brains were removed for anatomic analysis, and the heads were im-
mersed in 10% neutral phosphate-buffered formalin. The magnetic
search coils were removed by minimal dissection. The orbits were
removed, fixed, and stained by using the same procedure as for the
human orbits.

Histologic Processing

The orbits were prepared intact for histologic examination. They were
then removed in continuity with the eyelids and orbital bones, care-
fully thinned under magnification by using a high-speed drill and
rongeurs, decalcified for 24 hours at room temperature in 0.003 M
EDTA and 1.35 N HCl, embedded in paraffin, and processed for sec-
tioning in the quasicoronal plane (perpendicular to the long axis of the
orbit) at 10 �m thickness, as described for the human orbits. Serial
sections were mounted on 50 � 75-mm glass slides and examined
microscopically after Masson’s trichrome (MT) staining.28 MT stains
EOM fibers red and distinctly stains nerves purple.29,30

Microscopy

Digital photographs were taken with a light microscope (Eclipse
E800; Nikon, Tokyo, Japan) fitted with a digital camera (D1X;
Nikon) with �0.5 to �40 objectives. The images were then pro-
cessed (Photoshop CS4; Adobe Systems, San Jose, CA; and Canvas X;
ACD Systems, Miami, FL).

Reconstruction

In the deep orbits of human H6 and monkey M3, primary bifurcations
of CN6 were identified and highlighted in the layers (Photoshop;
Adobe Systems). Working anteriorly from this location, we highlighted
these secondary nerve trunks and all their daughter branches by using
corresponding colors as far anteriorly as identifiable nerve bundles
were present. The nerve branches corresponding to each primary
bifurcation of CN6 were reconstructed with ImageJ (developed by
Wayne Rasband, National Institutes of Health, Bethesda, MD; available
at http://rsb.info.nih.gov/ij/index.html). Three-dimensional recon-
struction with interpolation and multidirectional perspectives was
computationally intensive and was performed with an eight-processor

computer (Mac Pro; Apple Computer, Cupertino, CA). Nerve cross
sections were also determined with ImageJ.

RESULTS

Findings were similar in all human and monkey orbits. In the
orbital apex, CN6 began as a single circular trunk, gradually
elongating and dividing as it approached the global surface of
the LR or was bifurcated into two parallel trunks. This primary
bifurcation sometimes was already evident in the most apical
sections examined in most orbits, but was always proximal to
the CN6 entry into the LR. Before entering the LR from the
global surface, CN6 exhibited two major levels of bifurcation in
addition to several minor divisions as it progressed toward and
entered the GL. The cross-sectional areas of the inferior and
superior major CN6 trunks were computed before any further
bifurcations. In human orbits H5 and H6, the ratio of inferior
trunk cross section to the sum of the inferior and superior
cross sections was 0.26 and 0.66, respectively. In the five
monkey orbits, this ratio averaged 0.52 � 0.08 SEM, not sig-
nificantly different from a value of 0.5 corresponding to an
equal average distribution into the two major trunks. The
anterior distance from the initial CN6 bifurcation to the point
of GL entry ranged 2.2 to 5.0 mm. This pattern is displayed in
representative images from human (H6) and monkey (M3)
specimens (Fig. 1).

Intramuscular features of CN6 were consistent in human
and monkey specimens. After the two major external bifurca-
tions, the branches of CN6 further divided into arborizations
within distinct, nonoverlapping inferior and superior zones of
EOM fibers. At the LR surface, the inferior nerve branches
entered the LR more posteriorly, whereas the superior
branches had not yet further divided. Proceeding 0.4 to 3.8
mm anteriorly, the superior CN6 branches entered and bifur-
cated within the LR. Segregation of innervation to the superior
and inferior zones was maintained throughout the LR. Progress-
ing anteriorly, CN6 branches coursed laterally between EOM
fibers in a uniform fashion, traveling along a boundary between
the inferior and superior zones. This course may be seen in
cross sections marked in representative sections in Figure 2,
where intramuscular nerve arborizations to the two zones are
distinguished by colored overlays. Although fine terminal mo-
tor nerve arborizations were observed in the orbital layer (OL),
zonal separation was indeterminable based on nerve tracings.
It was not possible to distinguish separate innervation to the
OL and GL.

Three-dimensional reconstructions of intramuscular branches
of motor nerves in human (H6) and monkey (M3) rectus EOMs
were performed by outlining corresponding intramuscular nerves
and tracing, beginning in the deep orbit and continuing anteriorly
as far as possible, the distributions of the two major branches of
CN6. These reconstructions clearly delineated, in both monkey
and human, two distinct intramuscular nerve distributions that
innervate the superior and inferior zones of the LR (Fig. 3). There
was little or no overlap between zones, confirming the anatomic
impression obtained from individual sections of all specimens.

DISCUSSION

Peripheral LR innervation by CN6 exhibited consistent features
in the human and monkey specimens. There is a primary
bifurcation of CN6 external to the LR on its global surface in
the posterior orbit, or even more proximally. Branches of CN6
innervate a distinct inferior zone more posteriorly than they
innervate a corresponding superior zone. The boundary be-
tween the inferior and superior zones is respected by intra-
muscular innervation throughout the LR and even most periph-
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erally and anteriorly as the CN6 branches traverse the GL
toward the OL. Although there was no connective tissue spe-
cialization such as a fascial plane separating the LR inferior and
superior zones, the segregated intramuscular innervation pat-
tern suggests the potential for selective compartmental activa-
tion of the LR. In a structural neuromuscular sense, the periph-
eral LR may be controllable as though it consisted of two
separate EOM compartments. Innervation to the superior and
inferior zones is segregated at least central to the primary
bifurcation of the main CN6 trunk external to the LR and
probably more centrally.

Structural separation of distinct superior and inferior LR
zones is occasionally visible in high-resolution MRI scans of
living humans. This split is often quite obvious in high-resolu-
tion MRI scans of humans with CFEOM1,14 CFEOM3,31 Duane
syndrome,15,16 and congenital oculomotor18 and trochlear18

palsies and is also observed in phenotypically normal humans
who harbor the R262C or D417N mutations in the neuron-
specific �-tubulin isotype III (TUBB3),31 which may cause
CFEOM3.32 Although it is plausible that such a structural sep-
aration of anatomic superior and inferior regions in the LR
could also correspond with the distinct innervational zones,
this possibility remains to be demonstrated.

Although the LR, like all other rectus EOMs, has the shape of
a broad, thin strap, it has traditionally been assumed to behave
homogeneously so that force acting at a single point could sum-
marize its entire oculorotary action. The present finding of con-
sistent segregation of intramuscular CN6 arborizations in humans
and monkeys suggests that the inferior and superior zones may
comprise two functional subdivisions for LR oculorotary action.
These two zones may be anterior continuations of the classic
dual-headed LR origin; however, it was not possible to define the
LR origin in the current specimens.

Compartmental LR organization seemingly permits a degree
of differential contraction of its two distinct zones. It is not
clear how this segregation may relate to postulated separated

actions of the OL and GL, since innervation to the OL crossed
the GL in both zones, but was too fine to be traced within the
OL by the present method. The APH proposes that OL and GL
fibers are under at least partially differential central neural
control and have distinct mechanical actions29,33–35 despite
the presence of some motor neurons innervating both the OL
and GL.36 The current suggestion of compartmental organiza-
tion of the LR therefore neither challenges nor supports the
APH, but adds another layer of complexity to the peripheral
oculomotor apparatus.

Compartmental LR function may have important kinematic
implications. Ocular torsion around the line of sight is a unique
function of horizontal and vertical eye position.37 With the
head upright and stationary and for distant targets, Listing’s law
(LL) specifies that eye torsion in any gaze direction is that
reached by a single rotation from primary eye position about an
axis lying in a plane.38 For empiric purposes, LL is satisfied if
the ocular rotational velocity axis shifts by half of the shift in
ocular orientation.39

It was formerly believed that all ocular torsion was explic-
itly computed by the brain, which was supposed to command
the cyclovertical extraocular muscles (the obliques and vertical
rectus EOMs) to twist the eyes appropriately to enforce
LL.40–44 However, motor neurons activating the cyclovertical
EOMs of behaving monkeys do not encode the signals corre-
sponding to LL torsion during smooth pursuit.45 Furthermore,
electrical stimulation to the CN6 of behaving monkeys evokes
saccadelike movements that conform to LL, an outcome that
would be impossible if the required torsion were neurally
computed.46 The APH alternatively explains the absence of
such neural signals for torsion by proposing that systematic
changes in rectus EOM pulling directions generate the torsion
required by LL.34,35,47,48 According to the APH, pulleys, com-
posed of connective tissue rings through which the rectus
EOMs pass, are shifted by the OLs of the rectus EOMs them-
selves.29,34,35,47,49 Although the anteroposterior locations of

FIGURE 1. Sequential coronal sec-
tions showed two major nerve bifur-
cations of CN6 before entry into the
LR GL in human H6 (top) and mon-
key M3 (bottom). Distances are ante-
rior to initial panel bifurcation at left.
Arrows: nerve branches traveling lat-
erally into the adjacent LR. (✱) Bifur-
cations of the two major bifurca-
tions: blue for the superior and green
for the inferior branches. Masson
trichrome. Scale bar, 1 mm.
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the pulleys are under neural control for positioning the pulleys
appropriately,49 pulley positioning is postulated not to have a
simple relationship to eye torsion, because the dependence of
torsion on eye position is mediated by the geometry of rectus
EOM paths. The kinematic default behavior of the oculomotor
apparatus therefore appears to be LL.

Nonetheless, a serious kinematic paradox has emerged. The
vestibulo-ocular reflex (VOR) does not conform to LL. When
the head rotates, velocity axes of the resulting ocular counter-
rotations change by one fourth of eye position, not one half, as
specified by LL.50 Ghasia and Angelaki45 found that motor
neurons driving cyclovertical EOMs not only did not command
half-angle LL torsion, but also did not command the VOR’s
quarter-angle torsion.45 These striking negative findings indi-
cate that neural commands for the eye torsion necessary to
override the half-angle mechanical behavior dictated by the
APH are not executed by the cyclovertical EOMs. Where could
this torsional behavior arise? An early suggestion that quarter-
angle behavior could be implemented by differential activation
of the OLs and GLs of rectus EOMs to retract their pulleys29 has
been shown to be unrealistic in many conditions42 and was
long ago abandoned.51,52 Furthermore, mechanical pulley re-
traction would be inconsistent with observed zero-latency tran-
sition between quarter-angle VOR, and half-angle saccade be-
havior.50

Resolving the foregoing paradox therefore requires that
neurally commanded quarter-angle torsional violations of LL be
executed by one or both horizontal rectus EOMs. Surgical
shifting of rectus EOM insertions circumferential to the cor-
neoscleral limbus is recognized to impart torsional actions to
the transposed EOMs.53,54 Because the human LR tendon is a
thin strap 10 to 11 mm wide at the scleral insertion,51 the
effective vertical location of the LR force centroid could be
shifted by more than �2.5 mm by differential activation of the

two LR zones. Simulation using a computational biomechanical
model (Orbit 1.8; Eidactics, San Francisco, CA) suggests that
such a shift would impart vertical action �13% to 15% of total
LR tendon force and torsional action �16% to 22% of total LR
tendon force.55 Differential compartmental LR activation
would, at no additional latency, alter the effective transverse
location of a rectus EOM’s functional origin without a shift in
location of the pulley ring.34 Violations of LL could be imple-
mented by differential activation of the superior versus inferior
LR zones by innervation patterns limited to activity within CN6
itself. Such compartmental activation may be demonstrated
experimentally by simultaneous recording of superior and in-
ferior zone innervation or electromyographic activity, but
would not be evident from separate recording of activity in
either zone.

Anatomically, compartmental innervation in CN6 appears
to be sufficiently segregated external to the LR to permit
selective lesion, tracer, and stimulation experiments to test
putative selective functions physiologically and to determine
possible specificity of central brain stem connections. Dupli-
cation of CN6 is a relatively frequent anatomic variation in
humans24–27 and may correspond to segregated projections to
the LR’s superior and inferior zones. It is presently unknown
whether any other rectus EOMs have corresponding zonal
segregation of intramuscular innervation. The feline inferior
oblique EOM is innervated by distinct medial and lateral
branches, which, when electrically stimulated, generate differ-
ent contractile responses; however, motor neurons in the oc-
ulomotor nucleus are not topographically segregated.56 Topo-
graphic segregation of motor neurons in the brain stem would
not be necessary for functional specificity.

Despite the present anatomic evidence of compartmental
LR innervation, the physiological implications remain to be
confirmed. The plausibility of putative selective oculorotary
actions of LR compartments could be tested by biomechanical,
neuroanatomic, and neurophysiologic data. For example, se-
lective zonal oculorotary behavior could occur only if there is
incomplete interzonal mechanical force coupling among par-

FIGURE 2. Human and monkey LR cross sections, stained with Masson
trichrome. Blue: CN6 superior zone branches that enter the LR more
anteriorly. Green: inferior zone innervation that enters the LR more
posteriorly, with little or no overlap between innervation zones.

FIGURE 3. Three-dimensional reconstructions, in two perspectives
each, of intramuscular CN6 arborizations in human H6 and monkey
M3, showing segregation of arborizations to the superior and inferior
zones.
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allel EOM fibers, a likely proposition that could be tested
biomechanically. Selective zonal control of the LR would re-
quire some degree of selective neural control at level of nuclear
and probably prenuclear inputs to the LR, a proposition that
could be tested neuroanatomically and neurophysiologically.
Zonal LR innervation need not be absolutely selective to be
physiologically important. For example, the existence of some
overlapping neural projections to both zones, analogous to
projections of a minority of feline CN6 motor neurons to both
the LR and ALR, would not prevent differential control of the
LR by the remaining motor neurons that project to single LR
zones.

Recent findings regarding the selective subnuclear organi-
zation of each of the ocular motor nuclei for control of multiply
innervated fibers suggest that much complexity in the periph-
eral ocular motor system remains to be elucidated.57–59 Con-
ventional concepts of the organization of the peripheral ocular
motor system no longer suffice to explain its physiological
repertoire. The possibility of compartmental LR activation de-
serves consideration.
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