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The superior colliculus (SC) is an evolutionary conserved sensorimotor structure that is spe-
cialized for detecting, localizing, and orienting toward environmental events and has a critical role
in orienting motor responses, visuospatial attention, and perceptual decision-making.1-8 The SC
consists of a superficial layer that receives visual inputs and intermediate and deep motor layers
that initiate saccades and other orienting movements toward the contralateral hemispace.
Modern molecular and genetic methods combined with behavioral assessments have provided
further understanding of the cell types, circuits, and functions of the SC (reviewed in ref. 9,10).
The SC is affected by α-synuclein and tau neuropathology in Lewy body dementia (LBD),11

shows abnormal responses to visual stimuli in Parkinson disease (PD),12,13 may contribute to
impaired saccades in progressive supranuclear palsy (PSP),14 and may be involved in the path-
ophysiology of cervical dystonia.15,16 This brief review will focus on recent concepts on the
functional organization and connectivity of the SC that are relevant to understand the patho-
physiology of these and other neurologic disorders.

Laminar Organization and Connections
The SC has a distinct laminar structure consisting of alternating layers of neurons and fibers. It can
be divided into 3 major gray matter lamina or strata, superficial (stratum griseum superficiale),
intermediate (stratum griseum intermediate), and deep (stratum griseum profundum), in-
terspersed with predominantly fiber-rich layers3,17 (Figure). The superficial or visuosensory layer
receives retinotopically organized afferents from the retina (primarily direction-sensitive ganglion
cells), lateral geniculate nucleus (LGN), primary visual cortex (V1), and medial temporal visual
area (MT) representing the contralateral visual field.18 The intermediate and deep layers receive
inputs from virtually the entire neuraxis.19,20 Cortical excitatory inputs originate from the frontal
eye field (FEF)21,22 and the intraparietal sulcus (parietal eye field, lateral intraparietal area in
monkeys).23,24 The deep andmiddle layers also receive excitatory auditory input from the inferior
colliculus19 and somatosensory input from the contralateral spinal cord and dorsal column
nuclei.25 By contrast, the substantia nigra pars reticulata (SNr) provides a tonic GABAergic
inhibitory input to the SC.26,27 The SC also receives modulatory inputs from several brainstem
areas, including the parabrachial nucleus,28 parabigeminal nucleus,29,30 pedunculopontine nu-
cleus,31 locus ceruleus,32 and dorsal raphe.33

The outputs of the SC target widespread areas of the neuraxis.17 The superficial layer projects to
thalamic nuclei that project to cortical visual areas. A group of superficial layer neurons that
receive primarily input from the visual cortex projects to the medial subnucleus of the inferior
pulvinar.34,35 This portion of the pulvinar, in turn, projects to the medial temporal visual area
(area V5/MT), which is a component of the dorsal visual stream.36 Tectopulvinar neurons
respond to moving visual stimuli and provide a major source of motion information for
visuospatial attention that bypasses the pathway from the retina to the dorsal LGN (dLGN)
and then V1. A second group of superficial layer SC neurons that receive primarily retinal input
projects to the dLGN. The superficial layer of the SC also projects to the pretectal nucleus,
which projects back to the SC.17
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Neurons in the intermediate and deep layers provide crossed
descending projections to the brainstem reticular formation
and spinal cord and uncrossed projections to the midbrain
and thalamus. The crossed descending projections innervate
brainstem centers controlling saccadic eye movements.17,37,38

The brainstem saccade control circuit targeted by the SC
includes excitatory burst neurons (EBNs) and inhibitory burst

neurons (IBNs) located within the paramedian pontine re-
ticular formation for horizontal saccades and in the interstitial
nucleus of the medial longitudinal fasciculus for vertical sac-
cades and omnipause neurons (OPNs) located in the nucleus
raphe interpositus.39,40 The rostral pole of the SC contains a
map of the contralateral fovea and harbors fixation neurons
that send a monosynaptic excitatory input to OPNs that

Figure Organization, Extrinsic Connections, and Internal Circuits in the Superior Colliculus

The superior colliculus (SC) has a laminar structure consisting of superficial,middle, and deep layers. The superficial (visuosensory) layer receives afferents from the
retina, lateral geniculate nucleus (LGN), primary visual cortex (V1), andmedial temporal visual area (MT/V5). The intermediate and deep layers receive inputs from
the frontal eye field (FEF), intraparietal sulcus (IPS, parietal eye field), substantianigrapars reticulata (SNr), inferior colliculus, and contralateral spinal cord. Brainstem
modulatory inputs to theSCoriginate from theparabigeminalnucleus (PBG), pedunculopontinenucleus (PPN), laterodorsal tegmentalnucleus (LTD), locus ceruleus
(LC), and dorsal raphe (not shown). Superficial layer neurons project to themedial subnucleus of the inferior pulvinar, which in turn targets areaMT/V5, and to the
dorsal LGN, which targets V1. Neurons in the intermediate and deep layers provide a crossed descending projection (dotted lines) to innervate the saccadic control
circuit, which includes excitatory burst neurons (EBNs) and inhibitory burst neurons (IBNs) targeted by the caudal pole of the SC and omnipause neurons (OPN)
targeted by the rostral pole. The crossed descending axons from the SC descend areas of the reticular formation containing reticulospinal neurons and then reach
the cervical spinal cord targeting primarily interneurons. Ascending projections from the middle and deep layers include collateral projections from saccadic
neurons to themediodorsal (MD) nucleus of the thalamus, which in turn projects to the FEF; projections to the centromedian/parafascicular (CMn/Pf) nuclei, which
target the caudate nucleus (Cd); and projections to the medial pulvinar, which projects to the amygdala. The SC also sends inputs to the substantia nigra pars
compacta, ventral tegmental area, subthalamic nucleus, PPN/LDT, and periaqueductal gray (not shown). Local circuits in the SC are critical for multisensory
integration for orienting responses, visuospatial attention, and perceptual decision-making. Neurons in the intermediate and deep layers receive inputs from the
visuosensory neurons of the superficial layer, are organized into a motor map in register with the visual map, and integrate visual with auditory inputs from the
inferior colliculus and somatosensory inputs from the cervical spinal cord and dorsal column nuclei. Recurrent collaterals from the intermediate to the superficial
layermay either excite superficial layer neurons projecting to the deep layers or, throughGABAergic interneurons, suppress the activity of superficial layer neurons
projecting to the pulvinar and dLGN. The SC receives input from the FEF and IPS, which are components of the dorsal attention network involved in goal-oriented
visuospatial attention. These inputs trigger voluntary and reflex saccades. The FEFalso projects to the Cd,which inhibits GABAergic neurons of the SNr projecting to
the SC. Reciprocally, saccadic neurons of the SC send signals to the FEF through the MD. A signal from the deep layers of the SC modulates the sensory
responsiveness of neurons in the superficial layers. Cholinergic input from the PBG and PPN/LDT may create focal excitation and global surround inhibition
mediated by local GABAergic neurons within the SC. Dopaminergic projections from the LC modulate visual threat processing through GABAergic neurons at the
intermediate layers of the SC.

Glossary
dGLN = dorsal LGN; EBNs = excitatory burst neurons; FDG-PET = fluorodeoxyglucose PET; FEF = frontal eye field; fMRI =
functional MRI; IBNs = inhibitory burst neurons; LGN = lateral geniculate nucleus; LBD = Lewy body dementia;OPNs = omnipause
neurons; PD = Parkinson disease; PSP = progressive supranuclear palsy;V1 = primary visual cortex; V5/MT = medial temporal visual
area; SC = superior colliculus;MT = medial temporal visual area; SNr = substantia nigra pars reticulata.
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tonically inhibit the saccadic burst neurons.37,38 The caudal
portion of the SC harbors neurons that discharge before both
reflex and voluntary saccades and project to burst neurons
that in turn activate EBNs and IBNs. Projections from these
neurons to ocular motor nuclei mediate the visual grasp reflex,
which is a component of an orienting response to salient
stimuli.8 Inhibitory burst neurons also inhibit contralateral
OPNs, thereby providing a disynaptic pathway that triggers
saccades.37,38 Topographic connections involving excitatory
and inhibitory commissural neurons in the SC may have an
important role in conjugate upward and downward vertical
saccades.41 Neurons in the intermediate layer of the SC also
discharge during orienting responses linked to movements of
the head42 and upper limb.43 The middle and deep layers of
the SC provide crossed descending projections to areas of the
reticular formation such as the gigantocellular nucleus har-
boring reticulospinal neurons44 and to the upper cervical spinal
cord (tectospinal tract) where they target primarily interneu-
rons to control coordinated head-eye movements.45-48

The ascending projections from the intermediate and deep
layers of the SC are denser than the descending projections
and contribute to higher aspects of visual function, such as
attention and perceptual decision-making.6 For example, SC
neurons projecting to the brainstem saccade generator send
collateral projections to the mediodorsal nucleus of the thal-
amus, which in turn targets the FEF, thus providing a feed-
forward information (corollary discharge) about impending
eye movements.49 Outputs of the SC to the thalamus also
affect basal ganglia and limbic circuits.50 The SC projects to
the centromedian and parafascicular nuclei, which provide
output to the caudate nucleus,50 thus affecting goal-driven ac-
tions. The SC also projects to areas of the pulvinar that target
the basolateral amygdala, thus providing a subcortical circuit for
orienting responses to threat stimuli.51,52 The SC also sends
direct excitatory projection to dopaminergic neurons of the
substantia nigra pars compacta,53 to the subthalamic nucleus,54

and to cholinergic neurons in the pedunculopontine and lat-
erodorsal tegmental nucleus,55 which are involved in attention
and action selection.

Local Circuits
The SC contains maps of the sensory space and actions that are
topographically arranged and in register with each other
through a direct link between the visuosensory superficial layer
and the motor intermediate and deep layers56-62 (Figure). The
retinal map of the space serves as a template for aligning sen-
sory and motor maps.63 The superficial layer projects to the
motor layers and provides a disynaptic excitatory pathway from
the retina to neurons generating saccades and other orienting
movements.64-67 The map of saccadic eye movements is or-
ganized according to the spatial motor error computed from
the position of the eyes relative to the position of the visual
target of interest.68,69 Neurons in the deep layers of the SC also
receive auditory and somatosensory inputs that match the
retinotopy.19,25 This indicates that these neurons constitute
multisensory functional units,70-72 which are able to generate

amplified responses to spatiotemporally concordant visual and
auditory stimuli.73

Local GABAergic neurons in the superficial layer allow visuo-
sensory neurons to function as salience detectors controlling
bursting activity in neurons in the intermediate layer.74 Neurons
in the intermediate layer provide 2 recurrent collateral pathways
of the superficial layer6; one of them excites neurons in the
superficial layers projecting to the deep layers enhancing their
response to visual stimuli,68 whereas the other terminates on
local GABAergic interneurons that suppress the activity of su-
perficial layer neurons projecting the pulvinar and dLGN and
contributes to suppression of retinal motion perception during
eyemovements.75 The disynaptic intralaminar pathway from the
retina to the middle through the superficial layer of the LC
triggers short latency express saccades,76 whereas the cortical
input from the FEF and intraparietal sulcus to the middle layer is
necessary for conventional voluntary and reflex saccades.6 The
FEF, through inputs to the caudate nucleus, also promotes sac-
cadic eye movements by releasing the SC from the tonic
GABAergic inhibition by the SNr.27 This nigrotectal connection
not only regulates burst initiation but also modulates the spa-
tiotemporal properties of premotor neurons through connec-
tions to local GABAergic neurons.77

Role in Visuospatial Attention and
Perceptual Decision-Making
Spatial attention enhances sensory signals to facilitate the pro-
cessing of sensory information for goal-oriented behaviors.8,78

Studies in monkeys indicate that the SC has an important role in
visuospatial attention.9 Saccadic neurons of the SC use a pop-
ulation vector average for single targets and use a winner-takes-all
code for multiple possible targets according to their behavioral
relevance.1,79 The SC receives inputs from the FEF and intra-
parietal sulcus,21-24 which are core components of the dorsal
attention network involved in goal-oriented visuospatial
attention.80-82 This circuit can modulate the gain of incoming
retinal signals reaching cortical and subcortical structures and thus
affect visual processing.83-87 Most of the FEF projections to the
SC signal cognitive operations preceding the onset of saccades,88

whereas input from the intraparietal sulcus provides online
visuospatial information for triggering of reflexive saccades.89 At-
tentionmodulates the influence of sensory inputs to the SC in the
selection of saccades90; motor commands, in turn, influence the
sensory responses in the SC independently of the execution of
the eye movements.68,91 This indicates that the SC is involved in
the shift in the focus of attention to the target location.92-94 Al-
though the SC, through the pulvinar, connects to cortical visual
areas involved in spatial attention such as area MT and superior
temporal sulcus,95,96 inactivation studies show that the SC can
modulate spatial attention independently of the cerebral cortex,97

for example, through the basal ganglia.27 Brainstem cholinergic
andGABAergic inputs, through interactions with forebrain inputs,
may create a priority map within the SC by a mechanism of focal
excitation and global surround inhibition; this establishes the
spatial location of interest and drives an orienting movement
toward the selected target.98,99 Cholinergic inputs from the
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parabigeminal nucleus29,30 to the superficial layers of the SC
may enhance the visual responsiveness and spatial selectivity of
visuosensory neurons through nicotinic receptors in retinal
axon terminals and local GABAergic neurons, whereas
GABAergic inputs from this nucleus may suppress activity to
unattended regions in the SC map.99-102 Cholinergic inputs
from the pedunculopontine nucleusmay contribute to selective
attention and generation of saccades through nicotinic receptor
activation of neurons in intermediate and deep layers of the SC
projecting the brainstem.103-105 The SC is also activated during
REM sleep; cholinergic and GABAergic modulation of the SC
may thus also affect REM sleep and may be associated with
visuospatial learning and memory consolidation.106

Role in Emotional Responses
Studies in rodents show that the SC influences innate or reflexive
actions through 2 segregated pathways originating from its in-
termediate layer, a crossed tectobulbar pathway that targets the
contralateral brainstem and spinal cord and mediates approach
behaviors and an uncrossed tectopontine pathway that targets
the ipsilateral pons and mediates avoidance behaviors.64,107

Neurons in the superficial layers project to the amygdala both
through the pulvinar and through the parabigeminal nucleus.
The deep layers of the SC provide excitatory projection areas
required for the initiation of threat-evoked escaped responses,
including the dorsal periaqueductal gray108 and ventral tegmental
area.109 Stress enhances escape behavior through projections of
the locus ceruleus to the SC.110 These projections provide do-
paminergic inputs thatmodulate visual threat processing through
D2 receptors in GABAergic neurons at the intermediate and
deep layers.111 The context-dependent innate behaviors initiated
by SC neurons are accompanied by stereotypical cardiovascular
and respiratory responses, which are mediated by projections of
the SC to neurons in the medullary gigantocellular reticular
nucleus projecting to the spinal cord.112

Clinical Correlations
Functional MRI neuroimaging studies have allowed the de-
tection of SC activation in response to visual stimuli in both
normal and pathologic conditions. One such study showed that
the activity of the SC increases linearly with increasing luminance
contrast in normal individuals and that luminance contrast
processing in the SC is affected by normal aging.113 These
studies also show that the SC-pulvinar-amygdala pathway is ac-
tivated on exposure to threat and may underlie the ability of
humans with blindsight to recognize fearful emotion in facial
expressions.114-117 Diffusion tensor imaging confirmed the
presence of a pathway connecting the FEF to the superior col-
liculus in humans.22 Consistent with studies in monkeys,83,92-94

transcranial magnetic stimulation studies show that the pre-
paratory activity of the FEF before onset of a saccade toward a
target modulates the visual detection threshold in humans.118,119

Involvement of the SC may contribute to impaired visuospatial
attention and orienting responses in neurodegenerative disorders

such as DLB. A neuropathologic study showed substantial re-
ductions in neuronal density and accumulation of α-synuclein and
tau inclusions primarily involving the intermediate and deep layers
of the SC.11 As these layers receive inputs from brainstem areas
vulnerable to α-synuclein and tau neuropathology,120 these find-
ings can be interpreted as consistent with a prion-like disease
propagation as occurs in neurodegenerative disorders.11 The in-
termediate and deep layers of the SC are also vulnerable to tau
pathology in chronic traumatic encephalopathy.121 The neuro-
pathologic changes in the SC may contribute to some of the
clinical manifestations of neurodegenerative disorders such as
LBD. Dysfunction of the dorsal attention network connected with
the SC has been implicated in visual hallucinations.122 Neuro-
pathologic studies showed that the degree of neuronal loss and tau
accumulation (but not the brunt of α-synuclein pathology) in the
SC was related to the severity and frequency of visual hallucina-
tions in LBD.11 The SC is also affected in PD. An fMRI study
showed a lack of modulation of SC activation in response to
luminance contrast in de novo patients with PD compared with
controls, suggesting that abnormal visual processing in the SC
occurs early in the disease course.12 Patients with PD may show
short-latency saccades and difficult to inhibit reflexive saccades
toward visual stimuli.123,124 These findings have been interpreted
as in part reflecting neuroadaptation in the SC to compensate for
excessive inhibition from the SNr, as shown in experimental
models of PD.125 It has been suggested that levodopa may
modulate the balance between voluntary and reflex saccades in PD
by facilitating planningmovements in the FEF and suppressing the
release of reflexive saccades originating in the SC.123 The superior
colliculus is also involved by tau pathology in PSP.14 In patients
with this disorder, the progressively reduced accuracy of horizontal
saccades suggests a brainstem oculomotor pathology that includes
the SC and/or paramedian pontine reticular formation, whereas
the functioning of the oculomotor system above the brainstemwas
found to be similar between patients with PSP and PD.126 In PSP,
saccade disturbances reflect paucity in burst generation by EBNs
and imprecise timing and premature discharge of IBNs, reflecting
maladaptive SC activity leading to a change in the intended tra-
jectory of the ongoing saccade.127 Functional MRI studies also
suggest SC dysfunction in cervical dystonia.15 One such study
showed slower SC activation in response to both luminant and
chromatic visual stimuli in these patients compared with con-
trols.16 It has been proposed that cervical dystonia may reflect an
alteration in the SC circuitry resulting from impaired GABAergic
activity and manifested by abnormal temporal discrimination in
visuosensory neurons of the superficial layer and disinhibited burst
activity of the tectospinal neurons in deeper layers.128 An fMRI
study using causal connectivity modeling showed that the mod-
ulation of the strength of functional connection from the striatum
to the SC in response to a looming visual stimulus was greater in
patients with cervical dystonia than that in controls.129

Perspective
The evidence briefly discussed in this review indicates that the
SC, like the thalamus, striatum, and brainstem, should be
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considered as an important contributor to network dysfunc-
tion underlying cognitive and motor abnormalities in neuro-
degenerative disorders. Unfortunately, although SC activation
can be identified on fMRI, the SC is too small to be identified
with fluorodeoxyglucose PET (FDG-PET). Higher sensitivity
imaging procedures and neuropathologic studies with careful
clinical correlations may provide further insight on the con-
tribution of the SC in these and other disorders.
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