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Abstract

Ataxia-telangiectasia is the second most common autosomal recessive hereditary ataxia, with an 

estimated incidence of 1 in 100,000 births. Besides ataxia and ocular telangiectasias, eye 

movement abnormalities have long been associated with this disorder and is frequently present in 

almost all patients. A handful of studies have described the phenomenology of ocular motor 

deficits in ataxia-telangiectasia. Contemporary literature linked their physiology to cerebellar 

dysfunction and secondary abnormalities at the level of brainstem. These studies, while providing 

a proof of concept of ocular motor physiology in disease, i.e. ataxia-telangiectasia, also advanced 

our understanding of how the cerebellum works. Here, we will summarize the clinical 

abnormalities seen with ataxia-telangiectasia in each subtype of eye movements and subsequently 

describe the underlying pathophysiology. Finally we will review how these deficits are linked to 

abnormal cerebellar function and how it allows better understanding of the cerebellar physiology.
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Ataxia-telangiectasia (A-T) is the second most common autosomal recessive hereditary 

ataxia, with an estimated incidence of 1 in 100,000 births(1). It is a progressive clinical 

syndrome with multisystem involvement characterized by early onset progressive cerebellar 

ataxia associated with oculomotor apraxia, choreoathetosis, frequent sino-pulmonary 

infections, oculocutaneous telangiectasias, and increased risk for hematologic 

malignancies(2, 4–6). The gene mutation responsible for A-T was mapped to 11q22-23, 

named ATM in 1995, and sequenced completely by 1996(7,8).

Besides the symptoms that give A-T its name, eye movement abnormalities have long been 

associated with this disorder, and occur in approximately 88% of patients(4,9–11). With this 

high prevalence among affected individuals, eye movement dysfunction has served as an 

important diagnostic clue for A-T(9,12). Numerous reports have attempted to characterize 
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the observed eye movement impairments, with various common conclusions and some 

discrepancies, largely owing to some reports including only small numbers of cases.

Early report (from 1966) on the ocular manifestations of A-T described three cases from one 

family in order to summarize the characteristic eye movement dysfunction(13). The key 

findings were noted as: conjunctival telangiectasias, horizontal conjugate gaze impairment, 

nystagmus, lack of optokinetic nystagmus, and frequent blinking but with normal vision, 

pupils and fundus(13). It was found that patients had impairment in initiation of volitional 

saccades, requiring a head jerk (“thrust”) to force eye deviation and blinking to “reset” the 

eyes to allow the eyes to finally move into the desired position(13). Aside from this apparent 

horizontal saccade generation deficit, the patient also displayed impairment in generating 

quick eye movements to track targets, requiring similar head jerks to accomplish this. 

Optokinetic nystagmus showed normal amplitude but slow eye movements (13). It was 

concluded that the eye movement deficits in A-T was more consistent with ataxia rather than 

what was previously thought of as “ocular motor apraxia”(14,15). The apparent lack of 

coordination between head movement and eye movement during horizontal saccade 

generation was thought to be due to cerebellar atrophy. However, the neuropathophysiology 

of impaired optokinetic nystagmus was difficult to localize at the time due to limited 

understanding of the pathways mediating the eye movements(13).

In 1981 two cases further correlated eye movement abnormalities in A-T with putative 

pathophysiology. By this point, it was understood that the ataxia was attributable to 

cerebellar degeneration, and that the eye movement dysfunction was a form of “supranuclear 

paralysis”. Here, the characteristic ocular motor impairment was noted to be a progressive 

loss of voluntary eye movements. Specifically, the patient first lost the ability to generate 

saccades and had impaired fast phases during vestibular nystagmus. Later, pursuit eye 

movements became impaired, and eventually “total ophthalmoplegia” occurred (16). Both 

cases confirmed impaired ability to generate saccades, and additionally, both patients also 

showed abnormal vertical eye movements. One patient displayed nystagmus upon 

downgaze. Autopsy of one of the patients confirmed diffuse cerebellar atrophy and loss of 

Purkinje cells but showed no abnormalities at the ocular motor nuclei, further solidifying the 

idea that the eye movement impairment in A-T is not due to an inherent loss of eye 

movements per se, but a more complex “supranuclear” problem (16–18).

With the aid of electro-oculography (EOG), a detailed analysis of eye movements was 

performed in order to further characterize the types of eye movement dysfunction and to 

record their prevalence among A-T patients(17, 19). This study took advantage of the 

phenomenon of “lock ups”, which resulted from an absence of quick phases to reset the eyes 

during nystagmus and led to the eyes becoming “stuck” at extremes of gaze. The study 

analyzed the frequency of “lock ups” during optokinetic and vestibular nystagmus among 

different groups of patients, who were divided based on whether their ocular motor 

dysfunction was thought to be idiopathic, due to the structural central nervous system 

abnormalities, neurodegenerative disease (including A-T), perinatal insults, and 

miscellaneous causes(19). The study found that “lock ups” were virtually universal among 

patients studied, and they were characterized by intermittent failure in quick phases during 

optokinetic nystagmus, consistent with a prior report(20). The study also found impairments 
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in smooth pursuit, which were inferred from the presence of catch up saccades on EOG, 

indicating low pursuit gains(19). By this point, it was known that complex eye movements 

such as saccades and smooth pursuit were mediated by integrative outputs of several regions 

in the brain, including frontal eye fields, parietal cortex, basal ganglia, cerebellum, and 

brainstem (19,21–25).

A study involving a large number of patients with A-T analyzed nine different clinical 

symptoms and found that ocular motor impairments correlated with increasing age, 

consistent with the progressive nature of the condition(17). Interestingly, except for pursuit 

gain and slow phase of optokinetic nystagmus, eye movements analyzed by EOG did not 

correlate with increasing age. In addition, clinically determined impairment in saccade 

latency and amplitude worsened with age, but quantitative EOG did not confirm these 

results(17). Such disparity was attributed to the fact that clinical examination measured 

volitional saccades while EOG measured reflexive saccades with the patients passively 

moved by the motorized chair(17).

With improving techniques in studying eye movements and growing understanding of 

anatomy and physiology of the ocular motor system, the eye movement abnormalities in A-

T became a valuable tool in further understanding neuronal pathways regulating eye 

movements. Contemporary studies utilized A-T as a “disease model” to understand ocular 

motor physiology. In subsequent section we will first summarize the clinical abnormality 

noted in each subtype of eye movements. We will describe the contemporary views for the 

underlying pathophysiology.

Saacades:

Clinical features.

In A-T, both horizontal and vertical saccadic latencies are prolonged in about 77% of 

patients(17). In addition, both horizontal and vertical saccades were found to be hypometric, 

so that patients frequently required multiple saccades to complete shifts in gaze, resulting in 

a step-wise movement of the eyes(17). Electrooculography suggested that peak velocities 

were higher for the performed (hypometric) saccades amplitude, hoewever, it was 

appropriately scaled for the intended amplitude of the saccade (i.e. the amplitude of the 

target shift)(17). It is therefore possible that the hypometric saccades are normally 

programmed but prematurely interrupted in A-T.

Pathophysiology.

Saccades are under the mediation of at least two collections of neurons (Fig. 1)(25). 

Premotor burst neurons, which innervate ocular motoneurons (CNIII, VI), are located in 

different areas of the brain, depending on the direction of eye movements they command. 

They are further divided into excitatory and inhibitory burst neurons (EBN and IBN, 

respectively), depending on their output signals. The EBNs generate discharges that allow 

motoneurons to contract ocular muscle to generate eye movement. They begin discharging at 

high frequency prior to the initiation of movements, and their firing rate is closely related to 

the velocity of the saccade, while the total number of spikes corresponds to the saccade 
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amplitude (26–28). The role of IBNs is to suppress activity in antagonistic muscle groups 

during saccades so that conjugate eye movements are efficiently performed. In addition to 

supplying antagonistic muscles, the IBNs also inhibit contralateral IBNs, hence creating a 

reciprocally inhibiting network that is inherently unstable(29,30). Tonically firing omnipause 

neurons from the nucleus raphe interpositus inhibit EBNs and IBNs keeping the reciprocally 

inhibiting circuit of oscillation prone burst neurons silent, guaranteeing steady fixation. The 

omnipause neurons receive fixation related input from the rostral pole of the superior 

colliculus, the frontal eye fields, as well as the fastigial nucleus, amongst other regions (31–

36). While the tonic discharges from the omnipause neurons serve to inhibit saccades in any 

direction, the transient pauses in their discharge allow burst neurons to initiate saccades. The 

sustained hyperpolarization of the omnipause neurons is mediated by the inhibitory latch 

neurons from the PRPF. Impaired latch neuron function results in lack of sustained 

hyperpolarization of the omnipause neurons, causing eyes to stop prematurely before 

reaching the target (37–40). It was suspected that dysfunction in the omnipause neurons 

might cause saccade impairments in A-T. The increased latency, hypometric saccades, and 

the deliberate blinking that seem to “reset” the eyes that have been reported since early 

studies all correspond to omnipause neuron impairment (17,25).

It is hypothesized that the superior colliculus, the modulator of omnipause neuron and burst 

neuron, discharges and act as the link between the higher-level commands to generate 

saccades and the final movement achieved by the eyes. The superior colliculus receives input 

from higher-level control of saccades, such as the frontal eye fields (41–44). In other words, 

the impairment in voluntary saccade generation found in A-T point to possible dysfunction 

in the superior colliculus as well (17,25). Another key source of regulatory input to the 

omnipause neurons come from the dorsal vermis and fastigial nucleus of the cerebellum 

(17,25,30). The Purkinje cells of the dorsal vermis, discharge approximately 15ms before 

saccades are generated in the desired direction (45). Stimulation of the dorsal vermis during 

already-occurring saccades has been found to modify the trajectory of the saccade, more so 

than if the stimulation was applied prior to saccade generation. This has led to the 

hypothesis that the dorsal vermis acts as a feedback modulator of saccades. The fastigial 

nucleus, which receives input from the dorsal vermis and projects to the omnipause neurons, 

is another regulator contributing to the integrated production of saccadic 

movements(33,46,47). The neurons in the fastigial nucleus are thought to contribute to both 

the initiation and the termination of saccades. Thus, the fastigial nucleus produces 

commands that accelerate the eyes at the beginning of saccades, but also commands that 

decelerate the eyes at the termination of saccades(48–50) This is supported by findings that 

lesions in the superior colliculus or frontal eye fields do not lead to permanent deficits in the 

precise trajectory and dynamics of saccades, but lesions in the cerebellum, as seen in A-T, 

can produce saccade dysmetria(46,51–53).

Pursuit:

Clinical features.

In 75% of A-T subjects the smooth pursuit is found to be abnormally slow and marked by 

frequent “catch-up” saccades(17). In addition, pursuit gain is lower than normal (17).
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Pathophysiology.

While several areas of the brain such as the primary visual cortex, middle temporal area, 

frontal and supplementary eye fields might contribute to smooth pursuit, the pursuit pathway 

is thought to converge, via the pontine nuclei, before projecting to the cerebellum, which in 

turn projects to the premotor areas in the brain stem (Fig. 2) (54–61). Although the flocculus 

and parafloccus both receive projections from the pontine nuclei, the ventral paraflocculus is 

more important for smooth pursuit(62,63). It is hypothesized that other regions of the 

cerebellum, such as the dorsal vermis and the caudal fastigial nucleus, also contribute to 

smooth pursuit (47,63,64). The dorsal vermis has been shown to encode target velocity in 

space. The lesions of the dorsal vermis impair the onset of smooth pursuit. The fastigial 

nucleus ocular motor region (FOR) also contributes to the acceleration phase of smooth 

pursuit onset. Based on their pattern of discharge, at the onset of smooth pursuit, it is 

hypothesized that these neurons help accelerate the eyes during initiation of pursuit, similar 

to their activity during saccades (65–69). Unilateral lesions show decreased impairment in 

pursuit onset and sustained pursuit in all directions, but bilateral lesions do not affect pursuit 

onset but still impair sustained pursuit (70,71). Overall, the dorsal vermis and FOR play a 

more important role in onset of pursuit, while the flocculus and paraflocculus mediates 

tracking after pursuit has been initiated (25). A-T is known to affect multiple cerebellar 

lobules, leading to Purkinje neuron degeneration. Therefore, like many other cerebellar 

disorders, A-T leads to pursuit abnormalities.

Gaze holding deficits:

Clinical features.

During gaze fixation, A-T patients are found to have abnormal eye movements, including 

nystagmus and saccadic intrusions (30)(Fig. 3). Spontaneous horizontal and downbeat 

nystagmus (when eyes are in central position, Fig 3B) and horizontal, vertical, or their 

combination leading to oblique gaze-evoke nystagmus (when the eyes are directed away 

from center, Fig 3C) were found(30). During attempted straight-ahead fixation, some 

patients had spontaneous periodic alternating nystagmus (PAN), where the direction of 

nystagmus alternated, while others were found to have non-periodic spontaneous 

nystagmus(30). PAN refers to spontaneous horizontal nystagmus that reverses directions 

with a set period of time, approximately around 2 minutes. A-T patients were found to have 

cycles of PAN lasting between 15 seconds to 4 minutes, displaying a wide inter-patient 

range but relatively stable person-specific periods(30)(Fig 4). The saccadic intrusions 

included micro-saccadic oscillations and square-wave saccadic intrusions(30)(Fig 3C,D).

Pathophysiology.

The lesion responsible for PAN is thought to be the vestibular velocity storage mechanism, 

residing in the nodulus and uvula of the cerebellum. This mechanism stores movement 

velocity in sustained head rotation in order to overcome habituation in the semicircular 

canals, so that vestibular nystagmus can continue as needed(25,72). With lesions in these 

areas, the duration of nystagmus is prolonged, inducing a vestibular adaptive system that 

reverses the direction of nystagmus(30). In cases of cerebellar lesions, the instability in the 

velocity storage system and subsequent adaptive mechanism is thought to generate the 

Tang and Shaikh Page 5

Cerebellum. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



alternating direction of the nystagmus(25,30,47,73,74). The non-periodic spontaneous 

horizontal nystagmus is thought to result from the vestibular bias coexisting with gaze 

holding impairments, which shift the null position of central gaze(30). The downbeat 

nystagmus may have a multifactorial pathophysiology, possibly due to lesions in the pons or 

caudal medulla(30).

The saccadic oscillations observed in A-T patients are thought to result from instability in 

the membranes of saccadic burst neurons(30). Loss of Purkinje cells can disinhibit the FOR, 

which in turn projects to the omnipause neurons, as discussed previously. If the omnipause 

neurons lose their ability to tonically suppress the EBNs and IBNs, increased burst 

generation in these neurons could lead to spontaneous saccadic movements(30). Square 

wave saccadic intrusions are a common finding in healthy subjects, but in A-T patients, their 

amplitudes are abnormally large(25,30). Square-wave jerks, in addition to A-T, are seen in 

variety of neurodegenerative conditions including cortical degenerations leading to 

dementia, some forms of genetically dominant spinocerebellar ataxias (25). Physiology of 

squarewave jerks is unclear in non-cerebellar disorders, one possibility is that they are the 

results of abnormally large fixational eye movement called microsaccade(25). Role of 

cerebellum in pathogenesis of square-wave intrusions was also implicated, particularly in 

context of A-T. It was hypothesized that the loss of inhibition of FOR by Purkinje cells in 

the cerebellum allows periodic firing of the FOR due to intrinsic pacemaker properties of the 

neurons – i.e. they spontaneously discharge if not inhibited(30). Since FOR discharge 

stimulate contraversive but inhibit ipsiversive saccades, if one FOR discharged without 

matching activity from the contralateral side, saccadic intrusions can occur(30). This could 

also help explain the amplitude of saccadic intrusions, which correlates with the degree of 

disinhibition(30).

Vestibulo-ocular reflex

Clinical features.

Several studies suggested abnormal vestibular function in A-T (18,75,76). In one relatively 

recent study, 13 patients with A-T had abnormalities in several key vestibular functions (76). 

The VOR gain was found to be increased in all subjects. VOR time constant is expected to 

be prolonged when cerebellar nodulus and ventral uvula are damaged(77)(Fig. 5A). On the 

contrary, in ataxia telangiectasia, the VOR time constant was shortened compared to 

normal(76)(Fig. 5B). In addition, the axis of eye rotation was not aligned with the axis of 

head rotation (Fig. 6). As a result, prominent VOR cross-coupling, abnormal eye movements 

directed along axes orthogonal to that of head rotation, were observed. The cross-coupled 

VOR in addition to increased gain of the VOR could manifest in symptomatic vertigo and 

imbalance in these patients.

Pathophysiology.

The vestibular reflexes guarantee clear vision during locomotion. Evidence of this principle 

comes from the individuals who have abnormal vestibular reflexes: these patients experience 

diminished visual acuity with head motion and postural instability. Experimental evidence 

has supported the role of vestibulocerebellum in long-term adaptive control of VOR that 
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guarantees precise matching of the eye position to the timing, inverse amplitude, and 

direction of the head motion(78–82). For example, during motion, the head orientation 

dynamically changes with respect to gravity. In order to stabilize the gaze and thus facilitate 

clear vision, the axis of eye rotation of the VOR must remain parallel to the axis of head 

rotation. Macaque studies have shown that unlike vestibular afferents(83) and some 

vestibular and deep cerebellar cells(84–86), cerebellar Purkinje and granule cells from the 

nodulus and ventral uvula encode vestibular signals in a space-fixed frame of reference (87). 

Therefore, it is expected that dynamic reorientation of VOR axis in response to head motion 

is impaired if cerebellar nodulus is experimentally lesioned(88,89). Impaired VOR gain in 

A-T can be described by combination of two mechanisms. One is impaired inhibitory input 

from the GABAergic Purkinje projections causing disinhibition of the vestibular nuclei, 

while the second is impaired cerebellar-dependent adaptation(78,82,90). Abnormal 

directional tuning of the VOR (VOR cross-coupling) could be described by the lesion of the 

vestibulocerebellum(79–81). VOR cross-coupling can be described by several 

pathophysiological mechanisms. One involves the lesions of the cerebellar nodulus and 

uvula, the regions that are thought to play a critical role in determining the internal estimate 

of gravitational force and assuring the alignment of eye movement axis with the head 

movement (88,89,91) The second mechanism emphasizes the loss of cerebellar-mediated 

adjustment to the relative synaptic strength of the converging canal inputs in the vestibular 

nucleus(92) that normally compensates for anatomic misalignments between the 

semicircular canals and the pulling directions of the orbital muscles (80,92). It was 

speculated that that optimally calibrated output of the vestibular velocity storage during the 

given plane of rotation plays an important role in attenuating unwanted cross-coupled VOR 

responses.

In order to faithfully compensate for the rapid decay of vestibular coding of prolonged low-

frequency rotation a mechanism called velocity storage increases the VOR bandwidth(93). 

Cerebellar nodulus and ventral uvula plays a critical role in controlling the velocity storage, 

lesions of these cerebellar areas increase the VOR time constant measured during pre- and 

post-rotational nystagmus(77). Given prominent involvement of the cerebellar nodulus in A-

T, we expect prominent VOR impairments. Unlike experimental lesions of nodulus and 

ventral uvula in monkeys, in human patients with degenerative cerebellar lesions the VOR 

time constant may or may not be increased. The length of time constant depends on the 

extent of the lesion and co-existing brainstem involvement in A-T(76).

The direct implication of the study of rare disorders of eye movements, such as A-T, is may 

be important in understanding how brain and the cerebellum in particular controls 

movements. Although the eye movement impairments in A-T serve as a valuable tool in 

testing mechanistic underpinning of the given disorder(25,76,94); A-T is a degenerative 

disorder, it may not always represent findings that are consistent with focal lesion studies in 

animal models.
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Fig 1. 
Model of neural network involved in the generation of horizontal saccades. FEF: Frontal Eye 

Field; PEF: Parietal Eye Field; NRTP: Nucleus Reticularis Tegmenti Pontis; OMV: 

Oculomotor Vermis; SC: Superior Colliculus; FOR: Fastigial Oculomotor Region; OPN: 

Omnipause Neuron; IBN: Inhibitory Burst Neuron; EBN: Excitatory Burst Neuron; IN: 

Interneuron; MN: Motor Neuron.
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Fig 2. 
Proposed schema of the neural network for smooth-pursuit eye movements, allowing pursuit 

of moving images on the retina. FEF: Frontal Eye Field; SEF: Supplementary Eye Field; 

MT: Middle Temporal visual area; MST: Medial Superior Temporal visual area; LGN: 

Lateral Geniculate Nucleus; NPH: Nucleus Prepositus; MVN: Medial Vestibular Nucleus.
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Fig 3. 
An example of a gaze fixation in one ataxia-telangiectasia patient. (A) Horizontal, vertical, 

and torsional eye positions (y-axis) are plotted versus time (x-axis). Horizontal eye positions 

are plotted in red color, blue trace is vertical eye position, and torsional is green. Black 

dashed line represents the horizontal target position and the grey dashed line is the vertical 

target position. Positive values correspond right-ward, up-ward, and clock-wise rotations 

from the subjects’ viewpoint. The detailed qualitative inspection of the eye movement 

waveform is depicted in panels ‘B-E’. Arrows in panels ‘D’ and ‘E’ illustrate square-wave 

saccadic intrusions and saccadic oscillations, respectively (reproduced with permission from 

Shaikh, et al., 2009).
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Fig 4. 
Quantitative characteristics of periodic alternating nystagmus (PAN) that was manifest in 

eight ataxia-telangiectasia patients. Each panel represents one patient and each data point 

represents the slow phase eye velocity of the drift phase of the nystagmus. Data points with 

the negative sign represent the velocity of the left-ward drifts. The black line in each panel 

represents the best sinusoidal fit to the slow phase eye velocity. Negative values of eye 

velocity represent leftward movement (reproduced with permission from Shaikh et al., 

2009).
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Fig 5. 
Panel A compares the VOR gain of ataxia-telangiectasis (A-T) patients (solid box and 

whisker plots) to healthy control subjects (dotted box and whisker plots) during all three 

planes of rotation. B: comparison of the VOR time constant between the two groups 

(reproduced with permission from Shaikh, et al., 2011).
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Fig 6. 
Summary of differences in the angular orientation of the eye movement and head movement 

axes. The difference in rotation axes is plotted on y-axis. Each box and whisker plot shows 

one condition in a given group of 13 ataxia-telangiectasia patients (solid box) and 11 normal 

subjects (dashed box). A-T: ataxia telangiectasia (reproduced with permission from Shaikh, 

et al., 2011).
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