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processes play a role in the wild, and
that the principal research challenge
will be to evaluate their relative
contributions to these birds’
remarkable technologies.
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Superior Colliculus: A Vision for Orienting
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The superior colliculus contains neurons sensitive to motion direction. New research shows that these
neurons are anatomically clustered: those representing the region of visual space ‘seen’ by both eyes
preferentially respond to nasal motion directions and others to opposite directions.

When we navigate our environment,
different parts of our visual field
undergo different patterns of luminance
and color changes. For example,
walking down a corridor, the point
farthest away from us moves in an
expansive manner on our retinae such
that, in the horizontal dimension, we
experience motion directed away from
our midline, in a so-called ‘temporal’

4')
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direction (Figure 1A, left panel, red
dashed rectangle). If we were to now
turn right, we experience leftward
image motion; in our right visual field,
such leftward motion is now directed
towards our midline rather than
opposite it, in a so-called ‘nasal’
direction (Figure 1A, right panel, red
dashed rectangle). How different brain
circuits process such nasal and

temporal motion signals depends on
their functional specializations. A new
study by de Malmazet et al. [1],
reported in this issue of Current
Biology, has found that direction-
selective neurons in the mouse
superior colliculus are clustered in a
very specific manner: neurons with
visual receptive fields representing the
binocular zone of the mouse visual field
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Figure 1. Image motion directions and their relationship to visual field locations.

(A) When translating forward (left panel), image features of objects in our visual field move in an
expansive manner as indicated by the black arrows. For a given visual field location (for example in
the red dashed rectangle), the motion experienced by the visual system is away from our midline. If
we were to turn rightward instead of translating forward (right panel), then the motion that we
experience would look different; the same visual field location (for example in the red dashed
rectangle) would now exhibit motion towards our midline rather than away from it. de Malmazet et al.
[1] investigated how superior colliculus neurons process motions like the ones that we might
experience when translating or turning in our environment. (B) de Malmazet et al. [1] found that, in the
mouse superior colliculus, neurons in the binocular zone of the visual field (that is, representing visual
field locations projecting light into both eyes simultaneously) preferentially responded to nasal motion
directions, whereas neurons in the monocular zone preferentially responded to temporal motion

directions.

preferentially signal nasal motion
directions; those with visual receptive
fields representing the monocularly
viewed part of the visual field
preferentially signal temporal motion
directions. This intriguing observation
adds to increasing evidence that, in
addition to a spatial representation of
visual field locations, the superior
colliculus contains multiplexed feature
maps that have their own
organizational principles.

de Malmazet et al. [1] presented
visual stimuli to awake mice and
simultaneously imaged the activity of
individual superior colliculus neurons.
They first characterized visual
receptive field locations. A visual
receptive field is the region in the
visual field from which visual signals,
like the onset of a light stimulus, elicit
neural responses. It has long been
known that superior colliculus
neurons’ visual receptive fields tile
locations in the visual field in an
orderly manner, something that has
been demonstrated in a variety of
species [2,3]. The authors then
presented moving bars to the mice
and investigated how neurons reacted
when the bars crossed their receptive
fields. A moving bar has both an
orientation and a motion direction. In
their study, de Malmazet et al. [1]
moved the bar orthogonal to its
orientation: for example, a vertical bar

moved along a horizontal direction, and
a horizontal bar moved along a vertical
direction, and so on. If a neuron was
sensitive to orientation, then it would
respond equally well to a bar of its
preferred orientation regardless of
motion direction, for example to a
vertical bar moving either rightward or
leftward. On the other hand, if a neuron
was direction selective, then it would
respond to only one motion direction,
for example to a vertical bar or a spot
of light moving rightward but not
leftward. The authors found that
orientation selectivity was

independent of direction selectivity,
and they confirmed that this
independence is not necessarily true
in all visual brain areas. For example,
in the primary visual cortex, preferred
motion direction was orthogonal to
preferred orientation.

Most interestingly, direction
selectivity was organized highly
systematically. Specifically, because
mice have two eyes displaced from
each other, like us humans, their visual
field may be characterized as having
two ‘zones’: in the binocular zone, light
from a single visual field location is able
to reach both eyes simultaneously; in
the monocular zone, only one eye is
able to capture light from the
environment (Figure 1B). The two zones
are useful for a variety of
complementary aspects of visually-
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guided behavior. For example, the
binocular zone can provide the visual
system with image disparity
information between the two eyes,
which is critical for depth perception.
On the other hand, the monocular
zone can be useful for detecting
potential predators in the very far
periphery. de Malmazet et al. [1]
found that superior colliculus neurons
representing the binocular zone prefer
nasal motion directions, whereas
neurons in the monocular zone prefer
temporal motion directions. This
anatomical clustering of direction
sensitivity indicates that a feature map
for direction processing is overlaid in
the superior colliculus over the existing
visual receptive field map of spatial
locations. Similar clustering has been
observed for orientation selectivity
maps in the mouse superior colliculus,
again multiplexed with spatial
topography [4,5].

The idea that multiple feature
dimensions are multiplexed in a single
visual brain area is accepted in the case
of the cortex. For example, the primary
visual cortex multiplexes features like
location, orientation, color, spatial
frequency, and eye-of-origin in a single
brain area (for example [6]). The
interesting results from the mouse
superior colliculus in the present study
[1], as well as in other recent ones [4,5],
fit well with this view. Even in primates,
in which the historic perspective has
been that the superior colliculus is
primarily a gaze control structure [7],
evidence is emerging that the superior
colliculus possesses visual pattern
analysis machinery. The primate
superior colliculus exhibits tuning for
spatial frequency [8-10], orientation [11],
and temporal frequency [11]. Moreover,
the idea of distinct zones of
specialization — like the monocular
versus binocular zones mentioned
above (Figure 1B) — still holds in
primates. For example, representation
of the upper visual field is functionally
distinct from that of the lower visual field
in the macaque superior colliculus [10].
In the future, it should prove highly
interesting if feature maps of the
primate superior colliculus were
explored at the same level of detail as
has been done in species such as the
mouse [1,4,5,12,13] and zebrafish
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[14,15], reviving earlier attempts along
these lines [16,17]. This will certainly
clarify the utility of having an orienting
structure like the superior colliculus
possess, simultaneously, its own visual
pattern analysis machinery: a ‘vision’ for
orienting.

An additional intriguing aspect of the
presence of visual feature maps in the
superior colliculus relates to the
potential role of this structure in
computing image salience. The
contribution of the superior colliculus to
visual attention [18] suggests that it
computes the location of salient stimuli,
potentially even irrespective of their
underlying features [19]. However,
feature-specific salience can also be
represented. For example, the mouse
superior colliculus highlights local
motion contrast — motion in one
direction flanked by motion in the
opposite direction [13] — which can
allow objects moving against a
background to ‘pop-out’ and be easily
detected. It would be interesting to
know if there is clustering in this feature-
specific salience computation similar to
the clustering present in direction
selectivity found here by de Malmazet
et al. [1].

In terms of the functional implications
of preferential representation of nasal
directions in the binocular zone,
de Malmazet et al. [1] cited the
differences in image flow experienced
by animals between translation and
rotation (for example, Figure 1A). One
wonders if additional interpretations are
possible: for example, if the animals
were to converge their eyes for whatever
reason, a strong, but spurious, image
motion signal in the temporal direction
would occur in the binocular zone
(converging eyes mean diverging image
motions on the retinae). It may be
exactly such a divergent temporal
motion signal that needs to be ignored
by the animals. A preference for nasal,
not temporal, motion directions in the
binocular zone could therefore be a
simple way to discount such a spurious
signal, in addition to potential other
mechanisms that may exist in the
superior colliculus (for example [20]
for primates). An important future
research question would be to fully
investigate the functional significance
of the clustering in motion direction

preference found by de Malmazet
et al. [1].

Finally, the study of de Malmazet et al.
[1], along with others (for example
[4,5,12-15]), highlights a truly remarkable
aspect of science. Before the rise of the
awake monkey as an attractive animal
model in systems neuroscience, the
‘optic tectum’ was primarily studied in
nonmammalian species such as birds and
frogs from the perspective of it being
the primary visual structure in these
animals’ brains. With the shift to primate
studies, an equally-strong shift in view has
taken place, resulting in the superior
colliculus being viewed as primarily a
gaze control structure. This has led to
tremendous advances in our
understanding of motor control, as well as
related cognitive processes like target
selection and attention, but it has meant
that other aspects of primate superior
colliculus functions, like visual pattern
analysis, have not been investigated to
an equal depth. Inspired by studies
like the new one of de Malmazet et al. [1],
further studies of the primate superior
colliculus will surely follow, bringing us full
circle across species, sensory modalities,
and output behaviors. Research on the
superior colliculus is thus nothing but one
great example of the undebatable value of
using multiple animal models in
neuroscience research.

REFERENCES

1. de Malmazet, D., Kiihn, N.M., and Farrow, K.
(2018). Retinotopic separation of nasal and
temporal motion selectivity in the mouse
superior colliculus. Curr. Biol. 28, 2961-2969.

2. Drager, U.C., and Hubel, D.H. (1976).
Topography of visual and somatosensory
projections to mouse superior colliculus.
J. Neurophysiol. 39, 91-101.

3. Cynader, M., and Berman, N. (1972).
Receptive-field organization of monkey
superior colliculus. J. Neurophysiol. 35,
187-201.

4. Ahmadlou, M., and Heimel, J.A. (2015).
Preference for concentric orientations in the
mouse superior colliculus. Nat. Commun. 6,
6773.

5. Feinberg, E.H., and Meister, M. (2015).
Orientation columns in the mouse superior
colliculus. Nature 519, 229-232.

6. Nauhaus, I., Nielsen, K.J., Disney, A.A., and
Callaway, E.M. (2012). Orthogonal micro-
organization of orientation and
spatial frequency in primate primary

7.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

visual cortex. Nat. Neurosci. 15, 1683—
1690.

Gandhi, N.J., and Katnani, H.A. (2011). Motor
functions of the superior colliculus. Annu. Rev.
Neurosci. 34, 205-231.

. Chen, C.-Y., Sonnenberg, L., Weller, S.,

Witschel, T., and Hafed, Z.M. (2018). Spatial
frequency sensitivity in macaque midbrain.
Nat. Commun. 9, 2852.

. Tailby, C., Cheong, S.K., Pietersen, A.N.,

Solomon, S.G., and Martin, P.R. (2012).
Colour and pattern selectivity of
receptive fields in superior colliculus of
marmoset monkeys. J. Physiol. 590,
4061-4077.

Hafed, Z.M., and Chen, C.-Y. (2016). Sharper,
stronger, faster upper visual field
representation in primate superior colliculus.
Curr. Biol. 26, 1647-1658.

Chen, C.-Y., and Hafed, Z.M. (2018).
Orientation and contrast tuning properties and
temporal flicker fusion characteristics of
primate superior colliculus neurons. Front.
Neural. Circ. https://doi.org/10.3389/fncir.
2018.00058.

Wang, L., Sarnaik, R., Rangarajan, K., Liu, X.,
and Cang, J. (2010). Visual receptive field
properties of neurons in the superficial
superior colliculus of the mouse. J. Neurosci.
30, 16573-16584.

Barchini, J., Shi, X., Chen, H., and Cang, J.
(2018). Bidirectional encoding of motion
contrast in the mouse superior colliculus. eLife
7,€e35261.

Nikolaou, N., Lowe, A.S., Walker, A.S., Abbas,
F., Hunter, P.R., Thompson, I.D., and Meyer,
M.P. (2012). Parametric functional maps of
visual inputs to the tectum. Neuron 76,
317-324.

Hunter, P.R., Lowe, A.S., Thompson, |.D., and
Meyer, M.P. (2013). Emergent properties of the
optic tectum revealed by population analysis
of direction and orientation selectivity.

J. Neurosci. 33, 13940-13945.

Schiller, P.H., and Koerner, F. (1971).
Discharge characteristics of single units in
superior colliculus of the alert rhesus monkey.
J. Neurophysiol. 34, 920-936.

Goldberg, M.E., and Wurtz, R.H. (1972).
Activity of superior colliculus in behaving
monkey. |. Visual receptive fields of
single neurons. J. Neurophysiol. 35,
542-559.

Krauzlis, R.J., Lovejoy, L.P., and Zenon, A.
(2013). Superior colliculus and visual
spatial attention. Annu. Rev. Neurosci. 36,
165-182.

Veale, R., Hafed, Z.M., and Yoshida, M.
(2017). How is visual salience computed in
the brain? Insights from behaviour,
neurobiology and modelling. Philos. Trans.
R. Soc. Lond. B 372, 20160113.

Chen, C.Y., and Hafed, Z.M. (2017). A neural
locus for spatial-frequency specific saccadic
suppression in visual-motor neurons of the
primate superior colliculus. J. Neurophysiol.
117, 1657-1673.

Current Biology 28, R1096-R1119, September 24, 2018 R1113

CellPress



http://refhub.elsevier.com/S0960-9822(18)30977-1/sref1
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref1
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref1
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref1
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref2
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref2
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref2
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref2
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref3
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref3
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref3
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref3
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref4
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref4
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref4
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref4
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref5
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref5
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref5
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref6
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref6
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref6
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref6
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref6
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref6
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref7
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref7
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref7
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref8
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref8
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref8
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref8
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref9
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref9
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref9
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref9
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref9
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref9
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref10
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref10
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref10
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref10
https://doi.org/10.3389/fncir.2018.00058
https://doi.org/10.3389/fncir.2018.00058
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref12
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref12
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref12
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref12
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref12
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref13
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref13
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref13
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref13
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref14
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref14
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref14
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref14
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref14
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref15
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref15
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref15
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref15
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref15
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref16
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref16
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref16
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref16
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref17
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref17
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref17
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref17
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref17
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref18
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref18
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref18
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref18
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref19
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref19
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref19
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref19
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref19
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref20
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref20
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref20
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref20
http://refhub.elsevier.com/S0960-9822(18)30977-1/sref20

	Superior Colliculus: A Vision for Orienting
	References


