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Abstract

The superior colliculus (SC) has long been associated with the neural con-
trol of eye movements. Over seventy years ago, the orderly topography of
saccade vectors and corresponding visual field locations were discovered in
the cat SC. Since then, numerous high-impact studies have investigated and
manipulated the relationship between visuotopic space and saccade vector
across this topography to better understand the physiological underpinnings
of the sensorimotor signal transformation. However, less attention has been
paid to the other motor responses that may be associated with SC activity,
ranging in complexity from concerted movements of skeletomotor muscle
groups, such as arm-reaching movements, to behaviors that involve whole-
body movement sequences, such as fight-or-flight responses in murine mod-
els. This review surveys these more complex movements associated with SC
(optic tectum in nonmammalian species) activity and, where possible, pro-
vides phylogenetic and ethological perspective.
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1. INTRODUCTION

In mammals, the superior colliculi (SCs) are a pair of small structures on the roof of the midbrain
underneath the thalamus. The midbrain is thought to have evolved to give sensory inputs from the
forebrain influence over fixed action pattern generators to guide behaviors such as locomotion,
grasping, and orienting (Schneider 2014). The earliest observed motor responses produced by
stimulation of the SC were orienting saccadic eye movements, evoked using electrical microstim-
ulation in cat (Adamuk 1870). Importantly, Apter (1946) demonstrated that the saccade generated
by a particular site in the SC corresponds to the visual receptive field location of cells at that site.
From this work followed a series of influential physiology papers in macaques delineating the
properties of visual and movement fields in the SC (e.g., Goldberg & Wurtz 1972), their orderly
retinotopic mapping (e.g., Robinson 1972, Wurtz & Goldberg 1971), and their correspondence in
visual space (e.g., Schiller & Stryker 1972). The SC’s topography allows the spatial relations and
behavioral contexts of stimuli to be manipulated with relative ease to better understand the neural
representations of stimuli, the decision processes that govern responses, and the motor commands
that execute responses, as well as the various effects of attention and other internal states (for
a review, see Basso & May 2017). As a result of this orderly relationship of sensory inputs to
saccade vectors, much of the work in the primate SC has centered around the sensorimotor
transformations that guide saccades (for reviews, see, e.g., Gandhi & Katnani 2011, Sajad et al.
2020).

Despite this focus on gaze shifts, SC activity has been associated with many other, more com-
plex responses. In a remarkable conservation of function across phylogeny (Kaas 1997, Sparks
1988), the involvement of the SC (or optic tectum in nonmammals) in orienting movements to-
ward novel stimuli has been demonstrated in species as diverse as rats and hamsters (Goodale &
Murison 1975, McHaffie & Stein 1982, Mort et al. 1980), rabbits and cats (Harris 1980, Munoz &
Guitton 1989, Roucoux et al. 1980, Schaefer 1970), bats (Valentine et al. 2002), goldfish (Herrero
et al. 1998), zebrafish (Bianco et al. 2011), and lower vertebrates such as lampreys (Saitoh et al.
2007).

In many early electrical microstimulation studies, an increase in SC stimulation intensity or
duration elicited increasingly complex movements, including in rodents (Dean et al. 1989) and
cats (Harris 1980). Moreover, SC stimulation in primates can also yield complex behaviors such
as combined eye—head gaze shifts (e.g., Cowie & Robinson 1994, Freedman et al. 1996), reaching
movements (Philipp & Hoffmann 2014), and even defensive behaviors (DesJardin et al. 2013).
"This review discusses some of the nongaze movement-related behaviors associated with SC activ-
ity across a selection of animals to bring both behavioral and phylogenetic context to our larger
understanding of the functional role of the SC.

2. BASIC SUPERIOR COLLICULUS BLUEPRINT IN HIGHER MAMMALS

Understanding the architecture of the SC lends insight to understanding its function. The SCis a
multilayered structure with unique anatomical, morphological, and functional distinctions among
the layers (e.g., May 2006, White & Munoz 2011). In primates, the superficial layers of the SC
receive visual input from the contralateral visual field, directly from retinal ganglion cells, from
the visual cortex, and from other cortical areas (May 2006). This visual information projects to the
SC according to an orderly retinotopic mapping, and this pattern is conserved across vertebrate
species (Schneider 2014, Stein 1981).

The intermediate and deep layers of the SC receive inputs that are comparatively more diverse.
In many mammals, including cats and primates, numerous sensory inputs combine with projec-
tions from the prefrontal cortex, the parietal cortex, and subcortical structures (e.g., Schneider
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2014, White & Munoz 2011). The sensory input to the intermediate and deep layers includes
visual, auditory, and somatosensory modalities, which combine with visual input from the super-
ficial layers (e.g., Meredith & Stein 1986). Thus, in the intermediate and deep layers, the super-
ficial layers’ representation of visual space is integrated with a corresponding map of auditory
and somatosensory signals, along with visual information from cortical visual areas, to create a
topographic map to guide behavioral responses (Drager & Hubel 1975, King 2004, Meredith &
Stein 1986). This multimodal sensory representation supports multisensory facilitation, where
synchronous spatial and temporal stimuli from disparate sensory modalities combine to enhance
detection (Welch et al. 1986). Indeed, multisensory facilitation has been demonstrated in the SC
response properties of several mammals, including cats and primates (Wallace et al. 1996). Le-
sions to the SC in cats preferentially disrupt the ability to perform a multisensory orientation
task (Burnett et al. 2004). Thus, the SC’s merging of sensory modalities allows optimization of
orienting responses to complex, multimodal environmental stimuli.

In addition to processing sensory information, the intermediate and deep layers of the collicu-
lus are densely interconnected with a network of cortical areas that guide orienting movements
such as saccades. In primates, this includes but is not limited to the frontal eye field and supple-
mentary eye field in the prefrontal cortex, the lateral intraparietal area in the parietal cortex, the
cingulate cortex, and the substantia nigra pars reticulata in the basal ganglia (May 2006). Within
this network, the SC is distinguished by its proximity and strong connectivity to the downstream
nuclei that issue oculomotor commands that ultimately result in eye movements. In addition to
this, the SC projects to the reticular formation and the cervical spinal cord, allowing it to exert
influence over skeletomotor movements (May 2006).

Opverall, the intermediate and deep layers of the primate SC receive a diverse confluence of
inputs from as many as 40 different cortical and subcortical projections (Edwards et al. 1979,
Huerta & Harting 1984), enabling a flexible set of response properties. Yet most investigations
of SC function have, understandably, focused on gaze control. In this review, we hope to bring
renewed attention and investigation to other aspects of SC function in the control and modulation
of behavior. We first consider recent work in the optic tectum (the direct progenitor of the SC) in
a much older species, the lamprey, where GABAergic interneurons mediate a switch to generate
opposing orienting or evasion behaviors (Saitoh et al. 2007, Suzuki et al. 2019).

3. OPTIC TECTUM OF A LIVING FOSSIL

Lampreys and related jawless fish have long been considered living fossils and the direct ances-
tors of other modern vertebrates (Xu et al. 2016). Lamprey anatomy has remained relatively un-
changed for hundreds of millions of years (Gess et al. 2006), and therefore, lampreys have been
used as a model organism to study vertebrate evolution and development (Green & Bronner 2014,
McCauley et al. 2015, Nikitina et al. 2009, Xu et al. 2016). Lampreys are thought to have di-
verged from other vertebrates as many as 550 million years ago (Kumar & Hedges 1998), yet the
lamprey optic tectum shares many anatomical and physiological similarities with the SC of mod-
ern mammals, making lampreys an attractive model system to investigate midbrain sensorimotor
transformations (Xu et al. 2016).

As in other vertebrates, the superficial layer of the lamprey optic tectum receives afferent visual
input from the retina (Kennedy & Rubinson 1977, Kosareva 1980). These retinotectal projections
follow two main pathways: The axial optic tract carries afferents from the central visual field to the
pretectum and has been implicated in visual escape behaviors, while the lateral optic tract projects
a retinotopic mapping of the lateral retina to the optic tectum and has been associated with either
escape or goal-orienting behaviors (Cornide-Petronio et al. 2011, Jones et al. 2009).
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Retinotopic visual signals in the superficial layer are further shaped by GABAergic lateral con-
nections (Kardamakis etal. 2015), which suppress extraneous activity to reduce competition once a
target has been detected. Therefore, while significant differences exist between lampreys and other
species, the superficial optic tectum of the lamprey receives a retinotopic mapping of salience
across visual space, similar to other vertebrates. As in higher vertebrates, the intermediate and
deep layers of the tectum receive inputs of increasing complexity. For example, the intermediate
tectum receives electrosensory input from the octavolateral tract (Bodznick & Northcutt 1981,
Kardamakis et al. 2016). This combines with the visual signals from the superficial layer to build
a multimodal representation of the environment, enhancing event detection (Kardamakis et al.
2016).

The deep layer of the lamprey optic tectum integrates information from the overlying layers
onto two classes of output neurons that either descend ipsilaterally (iBP neurons) or decussate,
crossing to the contralateral side (coBP neurons) of the brainstem. Stimulation of the optic tectum
produces an orderly topographic output of various eye-body motor responses.

The work of Grillner and collaborators (e.g., Grillner et al. 2008) describes how the neural
circuit of the optic tectum integrates sensory information and acts as a switch to guide behavior
via the two distinct descending pathways for either evasive escape behaviors (iBP) or orienting be-
haviors (coBP), given the appropriate sensory input (Suzuki et al. 2019) (Figure 1). By modulating
the properties of looming stimuli, Grillner and colleagues demonstrated that local inhibitory neu-
rons in the superficial optic tectum are responsible for selecting downstream motor commands
via distinct classes of neurons in deep layers of the tectum.

Specifically, fast-moving dots or bars that simulate the approach of a predator preferentially
activate iBP neurons, resulting in escape or evasion behaviors mediated by ipsilateral pathways.
In comparison, slow looming dots preferentially activate the coBP neurons to guide orienting
behaviors via contralateral projections to the brainstem. coBP neurons are activated by relatively
weaker stimuli than are iBP, possibly owing to stronger effects of lateral inhibition for slower
looming stimuli. Additionally, coBP and iBP neurons select for stimuli by mapping the optic tec-
tum surface differently: iBP neurons tile it with a relatively even mosaic, while coBP neurons are
concentrated in the anterior tectum, representing the anterior visual field.

As a result of the uneven tiling of coBP neurons being superimposed on the relatively orderly
mosaic of iBP neurons, anterior visual stimuli may activate both coBP neurons effecting deci-
sions to execute orienting behaviors and iBP neurons mediating escape responses. This allows
the tectum to switch between orienting and escape responses to anterior visual stimuli. In con-
trast, posterior visual stimuli that elicit responses in areas of the tectal topography lacking coBP
neurons are more likely to evoke escape behaviors. These findings are significant because they
highlight the role of the optic tectum in visuomotor decision making in vertebrates as primitive
as the lamprey and set a precedent for similar mechanisms in the mammalian SC.

4. EMERGENCE OF EYE MOVEMENTS AND THE OPTIC TECTUM

The optic tectum of teleost fishes marks an advancement toward the SC of mammals in part be-
cause it includes the emergence of a more sophisticated topography of eye movements (Land
2015). In contrast to the lamprey, teleost fishes have more developed ocular musculature and are
therefore capable of increasingly complex eye movements (Graf & Meyer 1978, Northmore 2011,
Torres et al. 1992), an advancement that is reflected in the eye-movement topography of the gold-
fish optic tectum (Salas et al. 1997). Electrical stimulation of the goldfish optic tectum yields a
detailed topographic mapping of saccade vectors. Other functional zones subdividing the tectum
are also observed: For example, the medial tectal zone reorients gaze to an area of the visual field
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Figure 1

Optic tectal circuitry that guides visual behavior in the lamprey. In the superficial layer, direct visual input
from the contralateral retina distributes across inhibitory GABAergic interneurons (blue), as well as distinct
classes of contralateral and ipsilateral brainstem-projecting neurons (coBP and iBP; green and red,
respectively), which traverse the intermediate tectum and have cell bodies primarily located in the deep layer.
coBP and iBP neurons receive excitatory glutamatergic input from the pallium, as well as GABAergic
inhibition from the substantia nigra pars reticulata (SNr) and globus pallidus interna (GPi) in the basal
ganglia. Ultimately, coBP and iBP neurons project to reticulospinal neurons of the brainstem to elicit either
orienting (coBP) or evasive (iBP) behaviors via spinal motor neurons. Figure adapted with permission from
Suzuki et al. (2019).

with a combination of eye and postural movements and the anterolateral zones are typified by
goal-directed eye and body movements, whereas the posterior zone of the tectum elicits backing
and turning movements associated with escape-like behaviors (Herrero et al. 1998, Torres et al.
2005).

Low-current stimulation to the rostral tectum typically results in movements characterized as
orienting behaviors, while higher currents to the intermediate and deep layers of posterior tectal
sites elicit escape behaviors. This is ethologically advantageous because, as in the lamprey, the
teleost is more likely to treat a peripheral stimulus from behind (activating the posterior tectum)
as a potential threat.

A similar pattern of tectal guidance for appropriate stimulus-dependent behavioral responses
has been described in the zebrafish, Danio rerio (Bilotta & Saszik 2001, McArthur et al. 2020).
In behavioral studies, zebrafish orient toward and pursue small moving stimuli, whereas large
looming stimuli elicit avoidance behaviors (Bianco et al. 2011, Dunn et al. 2016, Temizer et al.
2015). Barker & Baier (2015) used calcium imaging, pharmacogenetic lesions, and optogenetic
approaches to demonstrate distinct classes of tectal neurons that bias behaviors to moving visual
targets (Barker & Baier 2015). GAL4 enhancer trapping methods were used to create selective
ablations to the tectum (Scott et al. 2007). For instance, the Gal4s1156¢ transgenic line facilitates

www.annualreviews.org o Role of SC in Complex Movements



a Avoidance pathway

selective ablations to GABAergic superficial tectal interneurons (SINs) which are critical for lateral
inhibition and which, in the zebrafish, may play a role in stimulus size representation (Preuss
et al. 2014). As a result, when SINs were selectively ablated, these fish demonstrated response
deficits for moving stimuli that were more pronounced for large stimuli and biased SIN-ablated
fish against avoidance behaviors, particularly to large stimuli. In comparison, ablations to fish from
the Gal4mpn354 line targeted a specific subset of periventricular interneurons (nsPVINs) (Nevin
etal. 2010), resulting in disruptions of orientation toward small stimuli. Furthermore, optogenetic
activation of GAL4mpn354-labeled neurons had the opposite effect and facilitated orienting and
approach behaviors. These findings support a tectal decision mechanism that mediates switching
between approach and avoidance behaviors via dedicated pathways.

Helmbrecht etal. (2018) extended this work by selectively labeling tectofugal neurons and trac-
ing the resulting output pathways to visualize a teleost tectal projectome of at least seven classes of
projection neurons across the tectum, revealing multiple distinct pathways. For instance, the ipsi-
lateral tectobulbar tract (i'TB) consistently showed a division of behavioral function, with axons in
the medial iTB (‘'TB-M) responding primarily to larger looming stimuli and axons in the lateral
iTB (iTB-L) selective for smaller prey-like stimuli. A combination of optogenetic, calcium imag-
ing, and behavioral tracking methods also revealed different patterns of iTB-L and -M projections
to downstream targets. iTB-L projections exhibited an orderly topography along the anterior to
posterior axes, suggesting that functional responses reflect the spatial location of stimuli resem-
bling potential prey, while the iTB-M projections mediating escape behaviors were localized to
the posterior visual field (Figure 2).

b Approach pathway
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Figure 2

Zebrafish tectofugal sensorimotor decision pathways that mediate (#) avoidance behaviors in response to looming targets via the iTB-M
pathway and (#) approach behaviors for smaller targets via the iTB-L pathway. Figure adapted with permission from Helmbrecht et al.
(2018). Abbreviations: iTB-L, lateral ipsilateral tectobulbar tract; iTB-M, medial ipsilateral tectobulbar tract; VPNI, velocity-to-

position neural integrator.
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Collectively, these findings suggest a broader role for the teleost optic tectum in forming fly-by-
wire representations from primarily visual information (but integrating other sensory information
as well) that can be transformed into a representation that is selectively channeled to specific
targets in brainstem motor centers to effect appropriate behavioral responses (Northmore 2011).
Helmbrecht et al. (2018) observed distinct pathways to mediate stimulus-dependent orienting
behaviors in the optic tectum. However, in comparison, the SC of the rodent brain is more complex
due to its more extensive use of environmental context in the decision process to switch between
behavioral responses. We return to this discussion in the following section.

5. ROLE OF THE MURINE SUPERIOR COLLICULUS IN COMPLEX
MOVEMENTS

Mammals evolved more complex sensorimotor systems and more nuanced cognitive capabilities
but also inherited some basic neural wiring principles from lower vertebrates; this is apparent in a
well-conserved structure like the SC (Butler 2008, Schneider 2014). Indeed, early electrophysiol-
ogy experiments in the mammalian SC yielded perplexing results. For example, while the murine
SC exhibits an orderly retinotopic visual map across its superficial layers and an underlying gaze
motor map (Stein 1981), some stimulation studies also elicited complex behaviors, including ap-
proach, aversion, defensive posturing, aggression, and other responses (McHaffie & Stein 1982,
Imperato & Di Chiara 1981, Olds & Olds 1963, Panksepp 1971, Valenstein 1965, Waldbillig 1975,
Weldon etal. 1983). How could the same structure elicit seemingly contradictory (approach versus
aversion) movement patterns? The complex and contrasting behaviors observed in these studies
challenge the predominant view that the mammalian SC primarily guides gaze movements to
visual targets.

While recent findings in the optic tectum of lampreys, teleost fish, and other lower vertebrate
species provide phylogenetic context for these varied behavioral responses, the work of Redgrave
and colleagues systematically characterizes the behaviors observed from the murine SC and de-
scribes an ethological context. Sahibzada et al. (1986) manipulated stimulation current in the SC
and observed two major patterns of behavior across distinct subregions, forming a functional mo-
saic: Lateral SC sites generally yielded contralateral behavioral responses, described as orienting
movements toward stationary stimuli or approach (and chasing) movements toward moving tar-
gets (which we call pursuit in this review, not to be confused with smooth pursuit eye movements),
while medial SC sites yielded ipsilateral defensive movements such as freezing, cringe-like pos-
tures, shying locomotion, and running or jumping behaviors. Generally, as stimulation current was
increased, the pattern of behavioral responses graduated in intensity, with lower currents eliciting
coordinated head and eye movements, such as orienting or cringing, and higher-current stimu-
lation yielding more involved movement components, including shying locomotion or running
and jumping behaviors. Dean et al. (1989, p. 140) argued that having a variety of fully integrated
responses represented in the SC is advantageous: “It can be argued on general grounds that it is
sensible for a device (SC) concerned with orienting to be concerned also with defensive respond-
ing. The reason is that only some novel stimuli are neutral ‘events’ for which orienting is a suitable
response. Other novel stimuli may signal an impending emergency, for example the appearance
of a predator, or of an object on a collision course.”

The lateral SC sites with orienting responses that resemble pursuit or chasing behaviors and
the medial SC aversion responsive areas divide roughly across the SC midline and send projections
along crossed and uncrossed descending pathways, respectively (Dean et al. 1989). For example,
pursuit behaviors can be elicited by stimulation or inhibited by ablation of fibers projecting to the
predorsal bundle (PDB) of the crossed descending pathway (Dean et al. 1986, 1988). Alternatively,
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avariety of defensive behaviors are elicited by stimulation of fibers projecting to the cuneform area
(CNF) (Dean et al. 1988, Redgrave et al. 1988). Furthermore, crossed PDB fibers and uncrossed
CNF projections receive distinct sensory inputs (Westby et al. 1990). Lateral SC efferents to the
PDB are driven largely by multisensory stimuli that include visual input from the lower visual field,
somatosensory vibrissae stimuli, and auditory stimuli. Medial SC efferents to the CNF, in contrast,
are responsive to visual stimuli in the upper visual field. These topographically distinct functional
pathways in the murine SC are thus not unlike the distinct pathways in the zebrafish tectum,
which allow it to orient toward stimuli in front of the animal while remaining prepared to flee
from visual stimuli approaching from behind. Taken together, these combinations of systematic
mapping, ablation, and tracing studies identified the parallel pathways of murine SC that guide
either orienting responses or escape behaviors to avoid threats; these pathways receive distinct
sensory inputs, mediate distinct behavioral responses, and send downstream projections across
segregated crossed and uncrossed pathways.

Redgrave and collaborators’ work also describes different pathways to process sensory stimuli
to mediate behaviorally relevant reactions to either pursue a target or escape from a potential
threat. However, the repertoire of behavioral responses guided by the SC is much more varied
than a binary decision. For example, looming stimuli may elicit different defensive behaviors in
rodents. Typically, rodents will either freeze or flee from a looming threat (De Franceschi et al.
2016, Eilam 2005, Yilmaz & Meister 2013), depending on the stimulus features and other factors,
including the animal’s access to shelter or previous experience.

Recent work by Shang et al. (2015, 2018) delineated the distinct pathways of parvalbumin-
positive (PV+) SC neurons that guide defensive behaviors for looming stimuli. Generally, a ro-
dent’s escape behavior can be manipulated by an overhead looming visual stimulus: Escape behav-
ior followed by freezing (Type I behavioral response) is typically triggered when a shelter is nearby,
whereas immediate freezing behavior (Type II behavioral response) is triggered when shelter is not
available. Two distinct classes of PV+ neurons that receive threat-relevant signals were identified
and found to send distinct projections to the parabigeminal nucleus (PBGN) or the lateral poste-
rior thalamic nucleus (LPTN), respectively, in association with this behavior. Retrograde tracing
revealed that the populations of SC PV+ PBGN and LPTN neurons are morphologically dis-
tinct in that they are clustered in different layers of the superficial SC. Furthermore, optogenetic
activation of the PV+ SC PBGN pathway triggers impulsive escape behaviors followed by long-
lasting freezing (Type I), whereas activation of the PV+ SC LPTN pathway induces immediate
freezing (Type II) (Figure 3); this roughly mimics the dimorphic defensive behaviors triggered
by looming visual stimuli. This work is significant because it demonstrates another functionally
distinct SC pathway to mediate appropriate behavioral responses.

In a structure like the SC, where multimodal sensory information is combined and which lies in
close proximity to the brainstem motor nuclei, such functionally distinct sensorimotor pathways
provide an elegant way to consolidate the decision process to minimize response delay. However,
having multiple pathways raises the important question of how to choose the right one (Redgrave
etal. 1999). The decision rule for pursuit versus avoidance is relatively simple in the murine SC and
similar to the teleost’s rule: Lower visual field stimuli are to be approached, whereas unexpected
overhead movement should trigger an escape behavior. However, the decision of whether to freeze
or flee is more nuanced, involving variables from an animal’s behavioral experience and environ-
ment (Eilam 2005). This indicates that additional information, beyond the immediate sensory
stimulus triggering the response, is incorporated to reach an appropriate decision. It is currently
unknown whether this higher-order information, presumably from the cortex, directly affects pro-
cessing within the SC or whether it exerts an influence downstream.
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Figure 3

Dimorphic defensive behavior in response to looming visual stimuli. () Looming stimuli can elicit either
escape-freezing or freezing-only behavioral responses (Type I or I, respectively). (5) These two defensive
behavioral responses are mediated by two distinct PV+ classes of neuron. PV+ neurons that project to the
PBGN encode looming stimuli in the superficial gray retinal recipient layer, whereas PV+ neurons that
project to the LPTN encode looming stimuli in the optic layer. PV+ SC PBGN and PV+ SC LPTN
pathways send projections to their respective brainstem nuclei targets to effect Type I or Type II motor
responses. Figure adapted with permission from Shang et al. (2018). Abbreviations: LPTN, lateral posterior
thalamic nucleus; PBGN, parabigeminal nucleus; PV+, parvalbumin-positive.

6. FORELIMB-REACHING MOVEMENTS IN PRIMATES AND CATS

As discussed above, SC activity is associated with a variety of movements of varying complexity in
lower animals. In primates, in contrast, the vast majority of studies of the SC have been confined
to its role in vision and gaze control. It is possible that, due to encephalization, the SC has become
a domain exclusively for the control of gaze shifts. This view is challenged, however, by a series
of studies beginning in the 1990s, which brought to light new evidence for a connection between
SC activity and arm-reaching behavior in primates.

6.1. Superior Colliculus Activity Related to Reaching in Nonhuman Primates

Werner (1993) discovered that a subset of neurons in the deeper SC and underlying reticular
formation of monkeys shows activity related to arm-reaching movements. In a larger and more
detailed follow-up study, Werner et al. (1997) demonstrated a strong temporal correlation between
the onset of activity of these neurons and electromyographic (EMGQG) activity in muscles involved in
reaching movements, including the trapezius, spinatus, and deltoid muscles. The observed activity
often exhibited multiple phases, correlating with the onset of the reaching movement, contact with
the reach target, and/or initiation of a return movement. In both of these studies, the reach target
was fixated throughout each trial, thus eliminating eye movements as a likely explanation for the
results. Moreover, when tested in saccade tasks, cells with reach-related activity typically had little
or no saccade-related discharge. Depending on the cell, their reach-related activity could begin
well before, at the onset, or during the reach movements. Most of these cells also showed tuning
for the direction of the reaching movement (called the reach movement field).

Stuphorn et al. (2000) examined this spatial tuning in more detail to determine the extent
to which reach direction tuning depends on gaze position. Their results provided evidence for
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functional and anatomical distinctions indicating the existence of two different types of reaching
cells. One population of cells, gaze-related neurons, is located in the intermediate and deeper layers
of the SC. In these cells, the presence of activity for a given arm movement critically depends on
the retinal location of the target. They also found an additional effect of orbital position on the
reach-related activity (a gain field) when the retinotopic location of the target was kept constant,
although their data did not permit a quantitative description of the gain fields.

The second population of cells, which were typically (although not exclusively) located deeper
in the SC, and more often in the reticular formation, was gaze independent, meaning that they en-
code the direction of the reaching movement independently of where the eyes are fixated or where
on the retina the reach target falls. These cells have overall lower firing rates and broader tun-
ing than gaze-related cells. Furthermore, in contrast to gaze-related cells, gaze-independent cells
display anticipatory activity, discharging even before a go signal is given to initiate a movement
when the reach target is presented in the cell’s reach movement field.

Importantly, all of these studies found that the preferred direction of reach-related cells is un-
related to the overlying retinotopic organization of SC visual and saccade-related cells. Indeed,
in contrast to visual and saccade-related response fields, reach movement fields could even be
located in the ipsilateral visual field. Furthermore, within the population of reach-related cells
themselves, there was no clear topographic correspondence between reach movement field loca-
tion and anatomical location in the SC. This lack of correspondence between the organization
of the visual and saccadic cells and the reach-related cells suggests that the reaching cells com-
prise a separate functional compartment, even though they are intermingled with saccade-related
neurons anatomically.

In all of these studies, the authors reported that the reach-related activity critically depends
on the position of the reach target (and in some cases the direction of gaze) but does not depend
on the trajectory of the reach movement itself, nor on the particular pattern of measured EMG
activity accompanying the reach. This indicates that these neurons do not directly control the
kinematics of the reaching movement, but instead likely provide more abstract descending (or
ascending) signals related to the location of the reach goal.

Interestingly, while the reaching activity of gaze-related neurons is independent of which arm is
used to effect the movement, gaze-independent neurons show a preference for movements of the
contralateral arm. Moreover, the presence of anticipatory activity in the gaze-independent neurons
suggests that they could be related to selection of an arm-reaching movement in a given direction
in allocentric coordinates. This suggests that gaze-independent neurons may form a lower-level
representation compared to the largely arm-independent and gaze-dependent activity seen in the
gaze-related neurons. Indeed, the activity of gaze-related neurons could perhaps be thought of as
coding the reach movement goal (or a reach movement intention) relative to the fovea.

However, based in part on the lack of early activity in gaze-related neurons, Stuphorn et al.
(2000) argued against this view, reasoning instead that gaze-related neurons could be involved in
rapid correction of reaching movements. When a reach to a target is made, the eyes normally
fixate the target first, while the arm follows later due to its greater inertia. Stuphorn et al. (2000)
hypothesized that the gaze-related neurons could be thought of as encoding the mismatch between
the saccade goal (or currently fixated location) and the goal of the reaching movement and could
thus be used to provide rapid online corrections, which are commonly seen when a target shifts
position during a reaching movement (for a similar proposal in cats, see Alstermark et al. 1990).

6.2. Superior Colliculus Activity Related to Reach Target Contact

In addition to reach movement neurons, Hoffmann and colleagues identified another, more fre-
quently encountered class of neurons: somatosensory-motor neurons that respond upon contact
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with a reach target (Nagy et al. 2006). These cells are found intermingled among reach movement
neurons at depths in the intermediate and deep SC layers of 1.2—4 mm below the SC surface. In
general, they do not respond to visual stimuli during fixation or upon saccade onset, and they show
little or no activity during reaching movements. Instead, they respond vigorously 50-100 ms after
the hand makes contact with a reach target, and the strength of their response typically increases
when greater force is applied to the target.

In a control condition, Nagy et al. (2006) tested the responses of these neurons when monkeys
simply reached and held their arm near a target button without contact and found that this action
elicits little or no response in most neurons. Approximately half of these cells show spatial tuning,
and contact-related responses are seen for both the ipsilateral and contralateral hands. However,
direct somatosensory stimulation of the hand was ineffective in driving these neurons, and only
approximately half of the neurons were activated by passive forces on the arm, shoulder, neck, or
trunk muscles. The origins of this reach target contact activity remain unclear, but Nagy et al.
(20006) speculated that it could originate from the posterior parietal cortex, which provides strong
input to the SC (e.g., Fries 1984), or via spinotectal neurons (Wiberg et al. 1987).

The presence of somatosensory-motor neurons provides further evidence for a role of the
primate SC in movements beyond gaze shifts. More research is needed to characterize the afferent
and efferent connections of these cells to understand their specific role in reaching. Nagy et al.
(2006) speculated that, just as the so-called fixation neurons in the rostral SC monitor small motor
errors during fixation (e.g., Krauzlis et al. 2017), the somatosensory-motor neurons could perhaps
be similarly involved in monitoring the small changes in muscle force that are needed to interact
effectively with a reach target.

6.3. BOLD Activity in the Human Superior Colliculus

SC activity related to reaching movements has also been reported in a pair of functional magnetic
resonance imaging studies in humans. Linzenbold & Himmelbach (2012) compared the distribu-
tion of blood oxygen level-dependent (BOLD) activity in the human SC when reaches were made
with either the left or the right arm to targets in the left or the right visual field. They found an
increased BOLD signal in the SC contralateral to the hand used for reaching, regardless of tar-
get position. When contrasted with the signal seen for saccades, the reach-specific signal changes
were located in the deeper layers of the SC and/or in the underlying reticular formation, simi-
lar to what is seen in monkeys. Importantly, the lateralization of this signal based on which hand
was used to execute the reach (rather than on the hemifield location of the visual reach target)
argues against a purely visual and/or attentional explanation of their results. In a follow-up study,
Himmelbach et al. (2013) used a pro- and antireaching task in which subjects were cued to reach
either toward or away from a visual target to explicitly separate visual and reach-related signals.
They again found activation of the SC contralateral to the arm used for reaching, regardless of
target position, in both the deep and the intermediate layers of the SC. This supports the idea that
the SC may play a role in reaching movements in humans.

6.4. Electrical Microstimulation Studies of Reaching Movements
in Primates and Cats

To look for a causal connection between SC activity and arm-reaching movements in monkeys,
Philipp & Hoffmann (2014) used electrical microstimulation to demonstrate that activation of the
SC and underlying reticular formation elicits arm movements in monkeys, typically with stimula-
tion currents of approximately 20-40 pA (Figure 4). They probed depths below the SC surface in
arange of approximately 1-5.7 mm and found that the majority of effective sites lay in the deep SC
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Figure 4

Examples of arm movements elicited by superior colliculus (SC) electrical microstimulation in primates. (#) Plots of 3D hand position
as a function of time. Time zero marks the onset of microstimulation, and the gray bar shows its duration. (5) Spatial 3D plots of hand
position during microstimulation trials in which movements toward a display screen were elicited. The screen lay in the y plane, and
distance between the hand and the magnetic sensing device located behind the screen is given by the 2 axis. The x axis indicates
horizontal hand position. Figure adapted with permission from Philipp & Hoffmann (2014).

and reticular formation at depths of 2.8-4.8 mm in the lateral, posterior portion of the SC. This
portion of the conventional SC topography corresponds to large retinal eccentricities in the lower
visual field. However, as mentioned above for the recording experiments, reach-related neurons
do not appear to adhere to this organization. This deviation from the SC retinotopic organization
was also found in the stimulation experiments: There was no systematic map of reach direction
or amplitude as a function of location within the traditional SC map.

Philipp & Hoffmann (2014) described the elicited arm movements as extend, lift, or twitch
movements, depending on the amplitude of the movement. These movements could also be ac-
companied by eye, head, and pinnae movements, and they were typically larger in amplitude, and
more common, in more highly trained animals. In discussing the possible pathways underlying
the stimulation-elicited arm movements, Philipp & Hoffmann (2014) noted that the lateral and
posterior locations of the effective stimulation sites correspond well with the locations of tec-
tospinal neurons in the deeper layers of the SC (e.g., Castiglioni et al. 1978, Nudo et al. 1993,
Robinson et al. 1994). Some SC neurons also have bilateral connections to the mesencephalic
reticular formation, which sends its own bilateral projections to the spinal cord (Horn 2006,
May 2006).

In cats, a different pattern of results has been observed. Despite the presence of direct connec-
tions from the feline SC to regions of the spinal cord involved in forepaw-reaching movements
(e.g., lllert et al. 1978, Olivier et al. 1991), electrical stimulation in the SC has not been found to
initiate forelimb movements (Guillaume & Pélisson 2001). However, Courjon et al. (2004) demon-
strated that stimulation during an ongoing reaching movement results in a marked deceleration,
with downward and backward deviation of the movement, even in the absence of stimulation ef-
fects on the eyes or head. These reach movement perturbations, which were typically elicited when
the stimulating electrode was approximately 2 mm from the SC surface, were obtained with short
latencies (on the order of 50 ms after stimulation onset) at all stimulation sites tested. Eye and head
movements could also be elicited at these same locations but were not observed in the reaching
experiments due to the shorter duration of the stimulation train used. After cessation of stim-
ulation, the reaching movements were quickly corrected online (typically within approximately
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30 ms) and continued accurately to the target. One limitation of this study is that it examined a
relatively restricted set of SC locations encoding downward contralateral gaze movements.

In a follow-up study, Courjon et al. (2015) made a more detailed investigation of the topog-
raphy of the perturbation effect at stimulation sites across the collicular map. Confirming the
previous results, they found that, at depths of 1.3-2.6 mm below the SC surface, transient pertur-
bation of ongoing reaches could be obtained in approximately 75% of tested sites. As observed
in the earlier study, an accurate reaching movement to the target resumed shortly after the end
of the stimulation train. However, surprisingly, they found that the direction of the stimulation-
induced perturbation did not depend on the location within the SC map that was stimulated.
Rather, movements were consistently decelerated and deviated down and backward regardless of
the stimulation site.

The stereotyped nature of the trajectory perturbations led Courjon et al. (2015) to conclude
that the cat SC is not directly involved in coding reaching movements. Instead, they suggested that
SC stimulation could indirectly affect reaches, either due to an effect on reach target selection or
by triggering an orienting response, which in turn leads to a change in the cat’s posture. It should
be noted that one clear difference between the monkey and cat studies reviewed above is that, in
cats, stimulation sites were more superficial and always within the boundaries of the SC, whereas
in monkeys, sites in both the deep SC and the underlying reticular formation were probed.

6.5. Role of the Superior Colliculus in Reach Target Selection in Primates

The important role of the primate SC in the selection of targets for eye movements has been
demonstrated in recording (e.g., Basso & Wurtz 1998, Glimcher & Sparks 1992, McPeek & Keller
2002, Shen & Paré 2007), microstimulation (e.g., Carello & Krauzlis 2004), and inactivation stud-
ies (e.g., McPeek & Keller 2004). A more recent body of work has also implicated the primate SC
in target selection for manual movements.

6.5.1. Inactivation studies. The first evidence came from Nummela & Krauzlis (2010), who
compared the effects of intermediate-layer SC inactivation on target selection not only for sac-
cadic and smooth pursuit eye movements, but also for manual button presses. For all three re-
sponse modalities, two stimuli of different colors were presented, one in the response field of the
inactivated SC site and the other in the opposite hemifield. A color cue in the center indicated
which of the two stimuli was the target. In the eye movement tasks, monkeys were rewarded for
performing either a saccade or a pursuit movement to the cued stimulus. In the button-pressing
task, monkeys maintained fixation and responded by pressing a left or right button on a response
pad corresponding to the hemifield location of the target. As expected based on earlier work,
Nummela & Krauzlis (2010) found that SC inactivation produced a strong bias against selecting
eye movement targets presented in the inactivated field. However, more unexpectedly, they also
found a weaker but consistent bias against responding manually to targets in the inactivated field,
indicating that SC inactivation can influence target selection for manual button-press responses
as well as eye movements.

Song etal. (2011) followed up on this, but rather than using a button-press task, which requires
an indirect mapping between the target location and the response location, they investigated the
effects of SC inactivation on reach target selection by training monkeys to directly reach to, and
touch, a target presented on a touchscreen with a distractor while maintaining fixation. This al-
lowed the difficulty of target selection to be manipulated by changing the time between the on-
sets of the target and distractor stimuli (stimulus onset asynchrony). As before, one stimulus was
placed in the response field of the inactivated SC site, while the other was placed in the opposite
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Reaching movements made in a target selection task. Target and distractor stimuli (discs) were randomly
presented in opposite hemifields. Target selection could be easy (4—d) or difficult (e-) depending on the
stimulus onset asynchrony (SOA; difference in presentation time) between the target and distractor.
Monkeys were rewarded for reaching from the center to the peripheral target while maintaining eye fixation
at the center. Gray lines show reach trajectories in correct reaching trials; red lines show erroneous reaches
to the distractor. Panels 4, b, ¢, and f show performance before superior colliculus (SC) inactivation; panels c,
d, g, and b show performance during inactivation of the SC representation of the left visual field stimulus
location (depicted by a blue annulus around the stimulus disc; this annulus was not visible to the monkeys).
SC inactivation biased reach target selection away from the inactivated field, with a stronger effect seen in
the difficult condition. Figure adapted with permission from Song et al. (2011).

hemifield. Song etal. also tracked the reach trajectories in each trial and found that inactivation of
intermediate-layer SC neurons did not significantly alter the trajectory, velocity profile, or latency
of the reaching movements themselves. However, SC inactivation had a robust effect on reach tar-
get selection (Figure 5), with monkeys showing a clear bias against reaching to the stimulus in
the inactivated field.

In both of the inactivation experiments described above, it is possible that apparent reach target
selection deficits could arise if SC inactivation affected visual perception of stimuli in the inacti-
vated location. However, when the target was presented without distractors, reach target selection
deficits were absent, thus indicating that the monkeys could still perceive and reach to targets in
the inactivated field. Moreover, Song et al. (2011) did an additional experiment in which the tar-
getand distractor stimuli appeared simultaneously, and the luminance contrasts of the two stimuli
were individually and randomly varied from trial to trial. This was done to ensure that monkeys
would reach to a target stimulus even if it appeared dimmer. In this experiment, the reach target
was indicated by the orientation of a foveal stimulus, which allowed the monkeys to determine
the correct target location without the need to make a judgment on the stimulus inside of the
inactivated field. As before, monkeys maintained fixation throughout each trial. The outcome of
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Activity of an example superior colliculus (SC) neuron during a reach target selection task. (#) Activity
aligned to the onset of a color singleton target and accompanying distractor stimuli. () Activity aligned to
the onset of reaching movement. In the lower panels, blue lines show mean spike density when the target was
in the cell’s response field (RF); dashed gray lines show activity when a distractor was in the RE. The upper
panels show single-trial spike raster plots, grouped according to target location (in versus out of the RF) and
ordered by reach latency. Insets show stimulus schematics for the two RF conditions. Monkeys maintained
eye fixation at the center point throughout each trial. Figure adapted with permission from Song & McPeek
(2015).

this experiment was the same: Monkeys showed a clear bias against selecting the stimulus in the
inactivated field, supporting the idea that SC inactivation results in a reach target selection deficit.

How does inactivation of the SC affect reach target selection? Many models of target selection
posit the existence of a priority map that represents both the physical salience and behavioral
relevance of potential targets (e.g., Zelinsky & Bisley 2015). After a winner-take-all competition,
the target with the highest priority on this map is selected as the target for action (or attention).
Indeed, there is good evidence that the SC comprises such a map for eye movements and attention
(Basso & May 2017, Krauzlis et al. 2013). The effects of SC inactivation on reach target selection
reviewed in this section suggest that the SC priority map also contributes to target selection for
other movements, such as reaches.

6.5.2. Recording studies. To gain insight into the SC neuronal activity occurring during reach
target selection, Song & McPeek (2015) recorded intermediate-layer SC neurons during a task in
which monkeys remained fixated and reached to touch a peripheral target that was presented
with distractors. Even though no eye movement was made, when the reach target was in the
recorded cell’s response field, a subpopulation of SC neurons showed greater activity than when
a distractor was in the response field. When this activity is aligned on the onset of the target and
distractors, the initial burst of activity does not discriminate the reach target, but soon after, activity
evolves to signal whether the reach target is in the response field (Figure 64). Furthermore, when
activity is aligned on execution of the reaching movement, there is no modulation in association

www.annualreviews.org o Role of SC in Complex Movements

293



294

with the onset of the movement itself (Figure 6&). This indicates that these cells select the reach
target but are not involved in triggering execution of the movement, which is what one might
expect if they serve as a priority map for reach target selection. Song & McPeek also tested the
cells in a standard saccadic delay task to further characterize them. They found that neurons that
discriminated the reach target typically (but not always) showed sustained activity during the delay
period. In contrast, virtually all of the cells that were not selective for the reach target lacked delay
period activity.

How do these cells compare with the reach movement cells discussed in Section 6.1? Those
cells are sparsely found, often (but not exclusively) deep in the SC and reticular formation; are
largely confined to the lateral and caudal aspect of the SC; and show directional preferences that
do not conform to the overlying SC retinotopic topography. In contrast, the cells recorded by Song
& McPeek (2015) are fairly common, are found in the intermediate layers throughout the SC map,
and show spatial preferences conforming to the usual SC retinotopy. Thus, it is clear that the reach
target selection cells described in this section are from a different subpopulation than the gaze-
related and gaze-independent movement cells discussed above. Interestingly, however, all three
populations of cells seem to be concerned with encoding the locations of reach targets, relative ei-
ther to gaze or to the hand, rather than with lower-level control of the reach movement trajectory.

7. IN SUMMARY

The SC is a well-studied area of the midbrain that integrates sensory information to guide be-
havioral responses to stimuli in an animal’s environment. In structure, the SC is remarkably well
preserved across phyla. However, the behavioral responses guided by SC activity vary widely across
animal species. In this review, we place the basic underlying structure of the SC in phylogenetic
and ethological context using several model animal systems to emphasize that the SC can play a
broader role in behavior than is usually considered. While it is true that the primate SC serves pri-
marily as an important node in the neuronal circuitry controlling gaze shifts, it also plays a role in
guiding diverse orienting and defensive behaviors (DesJardin et al. 2013) to facilitate appropriate
reactions to environmental stimuli.

Speed is often of the essence, particularly when survival hinges on reacting appropriately to
novel stimuli. The midbrain likely evolved to expedite the integration of sensory modalities and
give access to the underlying circuitry of the brainstem as a conduit to effect rapid behavioral
responses (Schneider 2014). This review walks through several examples of collicular circuitry
doing just this: multiplexing visuotopic information with multimodal sensory inputs and cortical or
pallial inputs and applying ethologically valid decision algorithms to yield fast responses mediated
by distinct pathways to effector nuclei in the brainstem. The lamprey has survived hundreds of
millions of years using very simple rule sets. For instance, if something is small and moving in front
of me, an appetitive response is required. If it is large and coming from behind me, an aversive
response is required. However, ethological validity is not one size fits all. The murine midbrain
has more sophisticated circuitry that incorporates information about environmental context and
previous experience from higher cortical centers that are lacking in the lamprey.

In the lamprey, teleost, and murine models, studies have demonstrated the existence of
morphologically, anatomically, and functionally distinct pathways that support a role for the SC
in actively participating in shaping complex behavioral responses. While such pathways have not
yet been identified in the primate, Section 6 of this review focuses on the evidence for a role
of the primate SC in arm-reaching movements. The presence of reach-related responses and
somatosensory-motor responses in the SC is intriguing, as are the effects of SC microstimulation
on reach initiation and SC inactivation on reach target selection. Yet the precise role of these
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neuronal responses in normal reaching behavior is still unclear. It is possible that the reach-related
SC pathways are involved in the rapid initiation or correction of reaching movements, in eye—
hand coordination, or in the rapid adjustment of small reaching motor errors when contacting
reach targets. Resolution of these questions and deeper understanding of the role of the SC in
reaching movements in primates, as well as the relationships among SC activity, reach target
selection, and the coupling of visual attention with reaching movements, require further research
and discovery. Eventually, the genetic tools that have been exploited in lower vertebrates may be
able to provide even greater clarity on the roles of specific cell types and the flow of information
within the primate SC to help address these open questions.

1. The SC is a phylogenetically well-conserved structure that integrates multimodal sen-
sory information with inputs from disparate cortical and subcortical centers to guide
appropriate behavioral responses to environmental stimuli.

2. In the SC of mammals and the optic tectum of lower vertebrates, there exist morpho-
logically, anatomically, and functionally distinct pathways that mediate motor responses
that range in complexity (from saccades or pinnae movements to fleeing behaviors, for
example) and purpose (i.e., approach or orienting versus avoidance).

3. The SC in mammals and the optic tectum in lower vertebrates implement ethologi-
cally valid decision rules that increase in complexity as the sophistication and diversity
of connectivity increases.

4. In primates, the SC plays a prominent role in the guidance of saccades. Although the
repertoire of responses elicited by SC stimulation does not match the diversity seen in
lower vertebrates (such as murine models), results suggest involvement in a variety of
orienting behaviors, as well as more complex behaviors such as reaching and touching.

5. In primates, different subpopulations of SC reach-related cells have been observed.
While the prevalence and localization of these cell classes differ, collectively, these cells
appear to represent aspects of reach goal or target selection rather than the lower-level
execution or trajectory of reach movements.

1. Are there examples of midbrain-mediated behavioral switches similar to those of the
lamprey, teleost, or murine models in other animals? If so, can these examples be used
to investigate the circuits of decision making as well?

2. How is information from different sensory modalities integrated to select ethologically
valid decision rules? In particular, for animals that do not rely primarily on vision, how
does the SC incorporate auditory, somatosensory, or echolocation input to select appro-
priate responses?

3. How similar is the organization of the intracollicular circuits in primates, murines, and
nonmammalian species, and to what extent can we apply insights from lower species to
higher ones?
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4. To what extent does the selection of ethologically valid decision rules occur within the
SC, as opposed to relying on upstream or downstream areas?

5. In primates, what s the role of the different classes of reaching and somatosensory-motor
SC neurons in natural reaching movements and eye—hand coordination? How do these
cells interact with neurons involved in orienting and gaze control?
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