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ABSTRACT

Humans depend on the coordinated activity of their lower extremities for mobility, an es-
sential feature of Homo sapiens. In addition, they use vision to use this mobility to suc-
cessfully navigate through their environment. During development, mobility appears to
mature first, and then it is coordinated with navigation. Thus, the two, mobility and navi-
gation are likely inter-dependent in function. Recent studies have indicated that compro-
mising the integrity of the knee, a central element of the lower extremity motion segment,
can lead to molecular alterations in both the cornea including the central cornea where light
passes, as well as the interior of the eye (the vitreous humor). Not all insults to the knee lead
to reproducible alterations in the eye, indicating some specificity in the response. In addi-
tion, it was recently reported that alterations to the cells in the vitreous humor occur fol-
lowing dietary induction of obesity in a rat model. As humans with obesity, as well as ar-
thritis of the knee are at risk for ocular involvement and exhibit altered gait characteristics,
the clinical and preclinical data raise the possibility of a “knee-eye-brain axis” to control or
regulate mobility and navigation. Better delineation of such an axis could have implications
for variations in control during maturation, and well as during aging when vision and mo-
bility can be compromised, with increased risk for serious falls and failure to successfully

navigate the environment.

1. INTRODUCTION-MOBILITY

As mammals evolved on Earth, to function on land required the maturation of effective mobility in
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the 1g environment of Earth. This required formation of sophisticated appendages such as legs and arms
that could articulate. As humans appear to have evolved from animals that moved primarily with four
limbs on the ground, the development of the ability to function upright required evolution of a more so-
phisticated system, with the arms (fingers, hands, and elbows) now taking on different roles from walk-
ing/running, and the lower extremities evolving to support the trunk/spine and head effectively. The drive
to walk/be mobile in an upright configuration must serve a survival advantage (i.e. seeing and responding
to predators or threats more effectively over the savanna grasses, ability to detect prey that would other-
wise be hidden). Thus, survival required effective mobility, which in the case of humans meant develop-
ment of a strong and coordinated lower limb system (Z.e. motion segments consisting of feet, ankles, knees,
hips, pelvis, and associated muscles, tendons, bones, and ligaments, etc). All of the tissues, except for adult
articular cartilage of articulating joints are innervated, and the driver of all of the motions is the muscles
controlled by neural input to generate forces. Not only is coordination required at the motion segment
level, but as bipedal animal, coordination between the lower limbs are required for effective mobility.

Within an articulating joint of a motion segment, such as the knee, these joints are proposed to func-
tion as an organ system [1-3]. That is, to understand how the joint is working, and the interdependence of
the parts, requires one to look at the knee for instance as an integrated unit. Thus, following an injury to
one component requires adaptation of the other parts, which if unsuccessful, leads to loss of function, pain
and disability [2]. Furthermore, disease such as osteoarthritis, long portrayed as a cartilage disease, is really
a disease of this organ system [3].

As mentioned above, both lower limbs of a human must work in a coordinated manner to maintain
optimal functioning. Thus, there must be mechanisms controlling interaction between the two lower limbs
and coordination of movement. This coordination is likely accomplished at the level of the dorsal root
ganglion of the spine, likely with additional neural input from the brain. Such cross talk between lower
limbs has been shown in preclinical models, and concluded from some human conditions. Thus, in rabbits
it has been reported that injury to ligaments of the knee of one leg leads to alterations in the contralateral
knee [4]. Similarly in rabbits, injection of the quadriceps muscle complex of one leg with Botulium toxin
leads to atrophy of the muscle of the injected leg with subsequent development of fibrosis and accumula-
tion of fat in the muscle [5]. Interestingly, the corresponding muscle of the contralateral leg undergoes fi-
brosis, but without atrophy and fat accumulation [5, 6]. Thus, in this model some of the changes in the
injected muscle are also evident in the opposite leg, but not all. This result indicates that the underlying
mechanisms for the contralateral effect are mediated via signals that can recapitulate some but not all of
the features of the injected tissue. Finally, in a mouse model, it was shown that a stab injury to the Achilles
tendon of one leg led to accelerated ossification of the tissue, and this was also evident in the contralateral
Achilles tendon [7]. While not as defined in humans, it is noteworthy that inflammatory arthritis (rheu-
matoid arthritis, RA) is usually a bilateral disease. It may start in one knee, ankle, hand, but then often in-
volves the contralateral limb [8]. One mechanism by which this could happen is via the contralateral effect,
with possibly neural signals leaving the initially affected inflamed joint, with information traveling to the
DRG, and then down to the contralateral joint [8, 9]. Once in the contralateral joint, release of neuro-
transmitters such as Substance P could induce acute neuro-inflammation which then becomes chronic.
Substance P can also influence gene expression in endogenous cells of the joint (Ze. fibroblasts) [10], as
well cells in ligaments [11], in the synovium [12] and elsewhere, to initiate the response pattern leading to
chronic inflammation and other features of RA.

2. MOBILITY + NAVIGATION

From the above discussion, it is clear that the physical act of mobility and its control is complex. An-
other level of complexity is the functional aspect of using the mobility to traverse the environment in a safe
manner, avoiding obstacles and predators, as well as providing directionality to the mobility. In addition,
one needs to maintain an upright positioning and maintain head movement control, as well as control en-
ergy expenditures. Thus, this requires integration between the physical act of mobility, which involves
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neural control at multiple levels, and a navigation system. Therefore, humans primarily depend on their
eyes and sight for navigation, and likely other cues from hearing.

Studies assessing gait of individuals with sight and then blindfolded have indicated that humans use
sight for maintenance of posture [13, 14] and aspects of mobility [15, 16]. Interestingly, such experiments
with obese individuals can lead to more pronounced deviations after being blindfolded [14]. Additionally,
with aging, vision integrity can start to fail in many individuals, with development of overt diseases of the
ocular system (Ze. macular degeneration; cataracts), resulting in increased risks for falls and failure to
navigate the environment effectively.

Navigation can also be compromised by diseases affecting brain areas that impact motor control and
neural control of movement. Thus, conditions such as multiple sclerosis [17], Parkinson Disease [18], and
even cognitive disorders such as Alzheimer’s disease [19] can affect both navigation and mobility. Thus,
diseases and alterations to the integrity of the eye can compromise navigation.

Therefore, navigation of the environment via mobility is likely controlled at the level of the motion
segment, the ocular system, and centres/areas in the brain. Breakdown of the integrity of the system can
occur at the level of elements of the motion segment (Ze. development of diseases such as osteoarthritis,
osteoporosis, sarcopenia), the ocular system, or elements of the brain that exert neural control of both
navigation and the motion segment. Work by Salo and Tatton [20] have shown that in some strains of
mice, age-related loss of innervation of a joint such as a knee, can increase risk for osteoarthritis, with loss
of knee integrity. Whether such loss of innervation would potentially abrogate links to the eye is not
known. Injury to brain centres via a stroke can also lead to loss of mobility in a specific motion segment,
and blindness can obviously drastically compromise the ability to navigate the environment. Thus, control
of both navigation and mobility is a complex integrated “axis” consisting of “mobility-vision-brain” ele-
ments.

3. JOINT INJURY CAN AFFECT THE CORNEA OF THE EYE

From the above discussion, it is clear that motion and navigation are interrelated and interdependent
functionally. The question then arises “are the eye, the navigator, and the knee, a central element for mo-
tion, interrelated biologically”? If so, then what mechanisms might be involved and responsible for con-
trol?

Studies performed nearly a decade ago indicated that injury to the knee of a rabbit, namely transec-
tion of the anterior cruciate ligament (ACL), led to gene expression alterations in the rabbit cornea [21].
The alterations in the cornea differed between the central part of the cornea through which light passes,
and the periphery of the cornea which serves more of a supportive role. Both parts are collagen-based
connective tissues, but the collagen in the central part is different from that of the periphery [21, 22]. In-
terestingly, the molecular changes detected in the cornea were evident by 3 weeks post-knee injury, and
persisted past 6 weeks post-injury [21]. If the animals were injected locally in the knee, or systemically via
a subcutaneous injection with a glucocorticoid (GC), the alterations to homeostasis in the cornea were
abolished if the GC was injected at 3 weeks post-injury, but not if the injection was delayed to 6 weeks
post-injury [21].

As the ACL is an intra-articular ligament, we next wanted to determine whether injury to an ex-
tra-articular ligament of the knee would also lead to alterations in the cornea of the eye. For this study the
well-established medial collateral ligament (MCL) model was chosen. Following bilateral MCL transection,
consistent molecular changes were again detected in the peripheral and central portions of the cornea [22].
Interestingly, the changes induced by the MCL transection were somewhat different from those detected
after the ACL transection, potentially indicating that the location of the injury can influence the actual
changes to the corneal cells.

As the cornea functions to both contain the interior of the globe of the eye and serve as a barrier, as
well as permit light to pass into the eye, it must be lubricated by fluid from the lacrimal glands [23]. The
function of the lacrimal glands is influenced by sex hormones in females, and post-menopausal females
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often suffer from dry eye syndrome which can affect the cornea [24-26]. Thus, injury to the knee could be
affecting the cornea directly, or indirectly via alterations to the lacrimal glands. To address this issue, fe-
male rabbits were subjected to ovariohysterectomy (OHX) +/- bilateral MCL injury, and then the cornea
were assessed. The results indicated that the molecular changes to the cornea after OHX or MCL injury
were nearly identical [27], but still different from the changes observed after ACL injury. Therefore, fol-
lowing injury to the extra-articular MCL, the corneal changes may be due in part, to impact on the lacri-
mal glands rather than a direct influence on cells of the cornea.

From these studies, a knee injury can impact the surface structures of the eye, but to date it is not
known whether the changes detected alter the cornea so as to influence the navigator function of the eye.
The changes could influence the fidelity of light passing into the eye, but that remains to be confirmed.

How such a knee injury could impact the cornea also remains unknown. It could be due to release of
soluble mediators that leave the site of injury and travel via the systemic circulation to impact the cornea
directly, or indirectly via the lacrimal glands. Alternatively, it could be due to an impact on nerves in the
knee to send information via neural circuitry to directly to the eye or via the lacrimal glands [28]. As the
impact of the intra-articular injury to the ACL was different from that of the extra-articular injury to the
MCL, it could be due to either mechanism depending on where the knee injury occurred.

4. LOSS OF KNEE INTEGRITY CAN IMPACT THE INTERIOR OF THE EYE

To address the issue of whether loss of knee integrity can influence homeostasis of the interior of the
eye, additional sets of studies were performed (Hart et al., in preparation). The first set was focused on in-
ducing unilateral (right knee) inflammatory arthritis in the female rabbit knee using an antigen-induced
arthritis protocol. In this model, rabbits are systemically immunized with a protein antigen (ovalbumin)
and then challenged via intra-articular injection with soluble antigen. At 7, 14 and 28 days post challenge,
the knees were assessed for inflammation, and the vitreous humour (VH) and vitreous humor cells (VHC)
were removed aseptically. The VHC were analyzed for mRNA expression levels for a variety of inflamma-
tory mediators and growth factors. This compartment was chosen as the interior of the eye is an immune
privileged site [29-32], and alterations to this site could lead to subsequent alterations at the level of the
retina. For these studies, the left and right eyes were kept separate in an attempt to ascertain whether the
right eye may be affected sooner than the left one. The results did not detect an eye preference for initia-
tion of the VH cell changes (data not shown), and thus, it was concluded that unilateral knee injury led to
bilateral changes in the VH cells.

Potentially relevant to the above discussion, in humans, development of juvenile inflammatory arthri-
tis (JIA) can lead to increased risk for uveitis, an inflammatory condition of the anterior part of the eye
[33], as well as other alterations to ocular structures [34]. If left untreated, it can result in blindness. Of
those with JIA, the patients at highest risk for eye involvement are those with knee arthritis, and do not
have a high number of other joints involved. There are also age-dependent sex differences in the incidence
of uveitis in JIA [35, 36]. While this connection between the knee and the eye is possibly consistent with a
“knee-eye axis” related to mobility and navigation, literature regarding kinematic or gait abnormalities in
JIA is somewhat limited [37-39]. Also, based on the methods used, it is not possible to distinguish varia-
tions in gait due to the arthritis itself, or whether those with JIA + uveitis exhibit a unique pattern of dis-
turbance. Furthermore, while a subset of JIA patients are at increased risk for eye involvement, many of
the same subset of JIA patients do not exhibitovert eye involvement. Thus, either there is something
unique about the actual arthritis in the affected subset, some additional genetic predisposition is required
to manifest the eye involvement, or it is a result of some specific environmental interaction which mani-
fests as uveitis in this subset. As JIA is a chronic disease, but the uveitis is may be episodic, no direct link
between the knee and eye, as might be expected from a “knee-eye axis”, can be concluded at the present
time from such patients. However, it is also possible that changes to vision in such patients leads to com-
promise of the navigation function without the appearance of overt disease.
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5. POTENTIAL ALTERATIONS TO VISION WITH OBESITY

Individuals with obesity are reported to be at risk for development of some ocular diseases such as
macular degeneration [40, 41] and others [42, 43]. However, it is not clear whether this risk is related to a
direct effect of the fat, the dysregulated inflammatory state, or a secondary consequence of obesity related
to T2D development, for example. As the eye is an immune privileged site [29-32], disruption of homeo-
stasis via a dysregulated inflammatory system could contribute to loss of such privilege and allow for in-
appropriate inflammatory or immune activities within the eye (e.g. via the vitreous humor), as well as at
the level of the cornea. Recently, we have reported that following induction of diet-induced obesity, the
gene expression patterns are altered in cells of the vitreous humor (VH), and that via assessment of VH
proteins via the Luminex platform protein array methodology, the protein homeostasis of this fluid is dis-
rupted with the elevated presence of inflammatory mediators [44]. While we have not yet correlated these
ocular changes with overt disease processes in the preclinical model, disruption of homeostasis in this
compartment could lead to compromise in the navigator status of the eye. In addition, it is not yet possible
to directly attribute the changes in the VH of the DIO rats to the systemic inflammatory alterations de-
tected. Such changes could also be an indirect effect of the joint damage occurring after induction of DIO
[45]. Since the current rat studies used only the 12 week time point post-DIO to assess joint damage and
the VH alterations, it is not yet known whether the joint damage preceded the alterations in the eye, they
developed in parallel, or the eye alterations preceded the joint damage. Resolution of this issue is the sub-
ject of current research.

6. SUMMARY

This issue of eye involvement in obesity is likely very clinically relevant as humans use their lower ex-
tremities for mobility, with the knee a central component of the motion segments, but use their eyes to
navigate through their environment. As such, mobility is critical, but navigation even more so. However, it
is not yet known whether injury to the ankle or the hip also leads to changes in the eye, or whether there
may be a specific “knee-eye” axis. This is an area of active research, as is determining whether this poten-
tial axis is unidirectional (knee to eye) or bidirectional (also eye to knee). Thus, mobility may be intrinsi-
cally integrated with navigation, but details regarding the integration of such integration are still lacking
and in need of further research. While learning to walk, considerable effort is spent learning to coordinate
mobility and navigation, usually, with mobility occurring first, and then successful navigation occurring
secondarily. Watching a young human learn to walk, and then to navigate indicates the amount of effort
that is expended to master both aspects of function. Whether the integration occurs optimally in all people
is also likely an open question. Many individuals, both children and adults have been labeled as “clumsy”,
but whether the basis for such a label resides in specific vision defects related to navigation, to a less than
optimal integration of mobility and navigation circuits, or some other explanation remains to be defined.

However, skeletally mature adult humans define where they are in space while they are mobile with-
out actually overtly thinking about it, but may require more active thinking with aging as the systems in-
volved decline in integrity. This latter aspect of mobility likely involves brain elements associated with
control of eye movement [46], memory, or other specific areas of the brain such as the hypothalamus [47].
Relevant to this discussion, Berenbaum and Meng [48] proposed a “brain-joint axis” in osteoarthritis, and
it involved the suprachiasmatic nucleus of the hypothalamus that is responsible for circadian clock activ-
ity. Interestingly, as discussed above, assessment of both normal body weight individuals and those with
obesity blindfolded have reported that such interruption of the “knee-eye” axis leads to abnormal gait pat-
terns, with the alterations more pronounced in those with obesity. Therefore, potential compromise of
ocular integrity via chronic inflammatory changes such as those with obesity or after a knee injury may
have more impact on the fidelity of mobility in both new and established patterns of movement, even in
the context of walking in a familiar environment with some brain elements intact. This may reflect the
central nature of a “knee-eye-brain/neural axis” that needs to be intact to optimize both mobility and
navigation. As all knee joint tissues (and other joints of the body) except for articular cartilage is inner-
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vated, and muscles are dependent on neuro-activation to initiate force generation, the integrity of such an
axis of control/regulation may be necessary for optimal mobility and navigation, and obesity and/or lower
extremity joint injury, and their disrupted inflammatory/neural state can be considered a threat to such
integrity at several points (Ze. muscles, joint integrity, loss of visual integrity). Thus, this area, as well as
those related to “motion segment-eye interdependence relationships” is in need of further investigation,
and preclinical models such as the rat and rabbit models offer the ability to study such regulatory circuits
in detail.
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