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Insect Vision: Emergence of Pattern
Recognition from Coarse Encoding

Neurogenetic tools of Drosophila research allow unique access to the neural
circuitry underpinning visually guided behaviours. New research is highlighting
how particular areas in the fly’s central brain needed for pattern recognition

provide a coarse visual encoding.

Antoine Wystrach*, Alex D.M. Dewar,
and Paul Graham

Animals face complex visual worlds
from which they must extract the right
type of information to guide behaviour
appropriately. How something as small
as an insect brain can achieve this
given the complexity of natural
environments is a fascinating question.
We know how insect visual systems
extract motion information for flight
control [1], polarisation information for
course setting [2] or a moving-target for
pursuit [3]. But little is known about the
visual circuitry involved when insects
discriminate patterns of a specific
shape, such as flowers for foraging
bees [4], panoramas for navigating ants
[5] or artificial patterns for tethered
Drosophila [6]. In a recent paper, Seelig
and Jayaraman [7] have provided
descriptions of the visual receptive
fields of a population of neurons in a
higher brain structure called the central
complex, a region known to play
a key role in sensory-motor integration
in many insect species [2,6,8,9].
This is a significant breakthrough
as it provides a description of an entire
population of specific visual cells that
appear to be involved in pattern
recognition [10].

Seelig and Jayaraman [7] combined
two-photon calcium imaging with
the neurogenetic tools available to

researchers working on the fruitfly
Drosophila melanogaster to observe
in vivo how populations of neurons in
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the fly’s central brain respond to
visual stimuli. They targeted the ring
neurons R2 and R3/R4d; these receive
input from glomeruli in the lateral
triangle — presumably after pre-
processing in the sensory areas — and
project to the ellipsoid body of the
central complex [11] (Figure 1A). By
presenting black and white noise
patterns to Drosophila and correlating
the visual stimulus with cell responses,
Seelig and Jayaraman [7] were able to
determine the proprieties of the cell’s
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Figure 1. Ring neurons of Drosophila melanogaster central complex encode coarse visual
information.

(A) Schematic of the fly’s brain (top) and ellipsoid body of the central complex (bottom) (after
[7]). The ring neurons receive input from the glomeruli of the lateral triangles and project to
specific regions of the ellipsoid body. The different regions, and thus the different ring neurons
play different roles in visuo-spatial behaviour. (B) Receptive fields of the 14 left hemisphere
cells of R2 ring neurons that responded to visual stimuli, showing their excitatory (red) and
inhibitory (blue) regions. The receptive field’s shape and location on the visual field for each
cell is stereotypic and coherent across flies [7]. Thus, those depicted here have been averaged
across flies. (C) The same receptive fields as B overlaid on the fly’s visual field. Note, the cells
shown are all from the left brain. Each receptive field covers 90° or more of the fly’s visual field.
(D) Response of a R2 cell to vertical and horizontal bars. Since the inhibitory area is to the side
of the excitatory one, the neuron responds maximally to vertically oriented bars.
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receptive fields (Figure 1B). As the
authors note, the receptive fields of
Drosophila ring neurons share
superficial properties with those

of the so-called ‘simple’ cells of
vertebrate primary visual cortex, such
as the presence of distinct excitatory
and inhibitory regions (Figure 1B).
There are, however, fundamental
differences in their distribution and
organisation.

Vertebrate simple cells, as
discovered by Hubel and Wiesel [12],
have receptive fields made up of
juxtaposed, elongated inhibitory and
excitatory areas, so that they respond
maximally to high contrast bars or
edges of a particular orientation. These
cells are regularly distributed across
the entire visual field, and each region
is served by many simple cells each
responding maximally to different
orientations. That way, visual scenes
can be decomposed into high-
frequency edge information enabling a
detailed reconstruction of the visual
world.

It is clear that the compound eyes of
insects have a much lower resolution
than the camera-like eyes of
vertebrates. What is surprising is that
the visual cells described by Seelig and
Jayaraman [7] do not even approach
the resolving power of Drosophila eyes
(5°), but encode much coarser
information. The receptive field of each
ring neuron covers 90° of arc or more,
which is around a third of the fly’s visual
field (Figure 1B,C). Moreover, there are
only a few of these cells. Seelig and
Jayaraman [7] found only fourteen R2
and seven R4d cells per hemisphere
that were responsive to visual stimuli.
With such a sparse and coarse
encoding it is impossible to capture the
details of a scene, so, unlike vertebrate
simple cells, these cells may not have
the role of reconstructing the visual
world. Indeed, the analogue of simple
cells may not be in the central complex,
but rather earlier in the insect visual
system [13-15]. So, we might ask, what
kind of behaviours could be supported
by the coarse information encoded by
these ring neurons?

Flies, like many insects, exhibit
spontaneous responses to particular
visual patterns; for instance,
Drosophila spontaneously orient
towards vertical bars [16]. Similarly,
Seelig and Jayaraman [7] observed that
many of the ring neurons respond
preferentially to vertically oriented bars
(Figure 1D). At the level of a single cell,
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Figure 2. Group activity of R2 neurons relates to spontaneous and learnt behaviours.

(A) R2 neurons’ collective activity as a function of the fly’s orientation for the left (yellow) and
right (green) hemispheres. For each orientation relative to the pattern, the proportion of R2
cells with current excitation greater than 1 S.D. from their average excitation is shown. R2 neu-
rons respond maximally when the fly is facing a vertical bar or the inner edge of a larger black
stripe. In natural scenes, R2 cells tend to respond preferentially when the fly is facing large
high contrast objects. (B) Schematic of a fly simulator used to test whether flies can discrim-
inate between pairs of patterns. The red (excitatory) and blue (inhibitory) areas indicate the
scale of a typical R2 receptive field. (C) Absolute difference in group activity of the R2 cells
for a simulated fly with varying orientation. The reference is the group activity when the fly

faces the reference pattern (‘ref’).

one can deduce what kind of stimulus
would excite the cell by the shape of its
receptive field (Figure 1D); however,
understanding what information is
encoded by a population of cells is a
more complex problem. To this end, we
simulated the visual input experienced
by the group of R2 cells when a
simulated fly inspects simple patterns
(Figure 2). When the ‘fly’ scans the
world, R2 cells as a group show a
structured pattern of activation

(Figure 2A). This suggests that the
shape and location of these receptive
fields are organised in a purposeful
way. The activity of R2 neurons is
greatest when the “fly’ is facing a
narrow vertical bar, or the inner edges
of a wide black stripe (Figure 2A),
which, remarkably, corresponds to the
spontaneous attractions observed in
flies [17]. Given natural scenes, R2 cells
would enable flies to orient towards
trees in a field, or a leaf in a

tree (Figure 2A).

Of course, a fly’s behavioural
repertoire is not limited to simple
spontaneous responses; flies can
also be conditioned to discriminate
patterns. In a typical experimental
paradigm, a fly is fixed by the head
and thorax at the end of a wire and

suspended within a drum showing two
pairs of visual stimuli (Figure 2B). The
torque exerted by the fly when trying
to rotate is measured and the drum is
then rotated in the opposite direction,
so that the fly can control which pattern
she is facing. In such a flight simulator,
flies can be conditioned by an aversive
stimulus to favour a particular pattern
[18]. Successful learning indicates that
flies are able to discriminate the
patterns. Neurogenetic tools used in
combination with such behavioural
assays have shown that the R2/R4m
neurons are required for the
discrimination of at least four visual
parameters: elevation, contour
orientation, size and vertical
compactness [10] (Figure 2C). Our
simple simulation shows that the ‘fly’
would experience a difference in the
group-level activation of R2 neurons
when facing pairs of patterns varying
along these dimensions (Figure 2C).
The coarse encoding given by this
small population of cells is likely
insufficient to reconstruct the fine-
details of these shapes (Figure 2B), yet
enough information is retained to
enable discrimination.

By describing the receptive field
properties of ring neurons, Seelig and
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Jayaraman [7] have begun a process of
understanding how the complex visual
information provided by the world is
filtered to suit specific behavioural
tasks. At first glance, it may be
surprising how coarse the visual
encoding is, far below the resolving
power of Drosophila eyes.
Nonetheless, this sparse encoding is
sufficient to explain some spontaneous
and learnt behaviour observed in flies.
As often with insect studies [19], Seelig
and Jayaraman'’s [7] discovery serves
as a compelling example of how
apparently complex problems can be
solved with remarkably parsimonious
solutions.

For a more complete understanding
of sensorimotor behaviour in
Drosophila, it will be interesting to see
the receptive field proprieties of the
other types of ring neuron, as we
already know they are involved in
different behavioural tasks [6].
Furthermore, the ring neurons of the
ellipsoid body constitute only one step
within much longer neural pathways
[11]. For instance, neurons from the fan
shaped body of the central complex
seem to extract specific visual
parameters from the patterns [20].
Finally, it is important to remember that
the central complex is not only a visual
area [6]. Indeed, only about half of the
ring neurons targeted by Seelig and

Jayaraman responded to visual stimuli
[7]. Thus, we may be far from a
complete understanding of the central
complex, but we can be hopeful that
co-ordinated behavioural, electro-
physiological and genetic tools will
together shed light on how a
parsimonious nervous system can
produce adaptive behaviour in a
complex world.
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X-Inactivation: Xist RNA Uses
Chromosome Contacts to Coat the X

The mechanisms by which Xist RNA associates with the X chromosome to
mediate alterations in chromatin structure remain mysterious. Recent
genome-wide Xist RNA distribution studies suggest that this long noncoding
RNA uses 3-dimensional chromosome contacts to move to its sites of action.

Karen N. Leung'?
and Barbara Panning™’-*

In organisms with XY sex
chromosomes, chromatin
modifications are directed to the X
chromosomes (X) to equalize X-linked
gene dosage between males and
females. In flies and worms, the
dosage compensation complexes are
localized to the X by sequence
specific binding to high affinity sites
and subsequent spread to nearby
lower affinity sites [1]. Despite over

five decades of X chromosome
inactivation (XCI) research, little is
understood of the mechanisms
controlling the localization of the
mammalian dosage compensation
machinery to the X. In XClI, a long
noncoding RNA (IcnRNA), Xist RNA,
recruits chromatin modifying
complexes to the X. The Xist gene is
encoded in the X-inactivation center
(Xic), an X-linked cis-element that is
essential for XCI. Xist RNA spreads
from the Xic to coat the X and
contributes to the initial establishment

of silencing and subsequent
maintenance of XCI [2]. In two recent
studies, Engreitz et al. and Simon

et al. used genome-wide approaches
to map the DNA associated with Xist
RNA to provide insight into how this
IncRNA spreads [3,4].

Both groups utilized pools of
antisense oligonucleotides
complementary to the 17 kb Xist RNA
to enrich for Xist RNA-associated
genomic sequences in crosslinked
cells. Comparison of Xist RNA
distribution with data sets for genomic
features provided clues about the
mechanisms of Xist RNA localization
and spread. During the maintenance
stage of XCl the same pattern of Xist
RNA distribution emerged in both
studies. Xist RNA enrichment was
observed across the entire X relative
to autosomes. There was variability
across the X, with gene-dense regions
exhibiting the highest representation
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