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1. Introduction

In insects, as in vertebrates, neuroanatomical, electrophysiological, and modelling
studies have provided insights regarding identities and connections among
neurones that accomplish elementary motion detection. These studies include
intracellular recordings from identified wide-field neurones that collate local
information about motion, intracellular recordings from identified, mainly non-
spiking small-field neurones that are candidates for a cardinal role in motion
detection, and comparative anatomical studies of retinotopic neurones that are
evolutionarily conserved across taxa. Nevertheless, many important features of
motion processing in insects have yet to be revealed. This review concentrates on
two questions: what are the identities and relationships among neurones that par-
ticipate in elementary motion detection? And, are there distinct functional classes
of elementary motion detectors (EMDs) in insects?

Previous reviews of insect motion processing have concentrated on record-
ings from wide-field motion-sensitive neurones in flies, on the possible roles of
cholinergic and GABAergic  systems in processing their inputs, and on modelling
studies of hypothetical small-field motion detectors (Egelhaaf et al. 1988, 1989;
Borst and Egelhaaf 1989; Egelhaaf and Borst 1993). Here, we focus on recent
comparative anatomical and physiological studies of elements in a pathway that
supports motion processing. Called the magnocellular pathway by analogy with
comparable mammalian systems (Strausfeld and Lee 1991), the neurones of this
pathway comprise relatively large-diameter and colour-insensitive elements that
supply motion-sensitive tangential neurones in a tectum-like neuropil called the
lobula plate. Intracellular recordings from identifiable small-field elements of this
pathway provide a new level of understanding of motion detection in insects.
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As in the vertebrate retina, motion detection in the insect optic lobe begins
just two or at most three synapses removed from the photoreceptors. In flies,
elementary motion detector circuits provide outputs to systems of collator
neurones deep in the optic lobes. Certain of these elements provide information
about global as well as local motion to premotor descending neurones. These
descending neurones, in turn, integrate visual information with inputs from the
halteres (organs of balance), and provide outputs to thoracic circuits that con-
tribute to the stabilization of flight. Other collator neurones serve to relay ipsi-
lateral information about motion to neuropils subserving the contralateral visual
field. Such heterolateral connections provide inputs from both sides of the brain to
nerve cells that integrate motion within the panoramic field of view of both eyes.

2. Spatial receptive fields of motion sensitive neurones
adjust according to ambient light

One of these heterolateral collator neurones, called H1 (Hausen 1981), produces
conventional action potentials and has a superficial axon near the front and dorsal
brain surface, making it accessible for recording extracellularly the consequences
of sequential stimulation of visual sampling units in the retina. A now classic
experiment by Riehle and Franceschini (1982) demonstrated that the H1 neurone
responds selectively to sequential illumination of adjacent visual sampling units,
thereby establishing the minimum distance between inputs to an elementary
motion detector circuit. Schuling et al. (1989), using a similar visual stimulus
arrangement, showed that under conditions of very low ambient illumination
(5x107q/cm2/sec) or following dark-adaptation, more widely-separated visual
sampling units contribute to these responses in H1. These conclusions confirmed
previous inferences of spatial pooling, which had been based on behavioural (Pick
and Buchner 1979) and electrophysiological (Srinivasan and Dvorak 1980)
responses to wide-field motion and began at mean luminances 2-3 log units higher
than those employed by Schuling et al. (1989). Together, these studies show that
in flies, as in the rabbit, directional selectivity is maintained in dim ambient light
by spatial pooling of inputs to the motion detectors. Whereas the rabbit retina
recruits rods for this purpose (Vaney et al., this volume), in flies this is pre-
sumably accomplished by recruiting additional visual sampling points from the
same achromatic pathway (involving photoreceptors R1-R6) that operates in
bright light. An additional implication of these experiments is that peripheral
mechanisms of light- and dark-adaptation (e.g. Dorlochter and Stieve 1997) permit
the fly to maintain its highest spatial resolution for motion detection over an
impressive range of photopic conditions: spatial pooling begins some 6-7 log units
below the intensity of full sunlight.
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3. What neurones underlie elementary motion detection
circuits?

Even though the variety of cell morphologies in the retinas of birds and certain
reptiles astonished Cajal (Cajal 1888), this was nothing compared to his reaction
to the anatomy of the insect visual system. Cajal was profoundly moved by what
he called the exquisite adjustment of neurones in the optic lobes of insects. Indeed,
a characteristic feature of insect visual systems is the great number of identifiable
nerve cells that are revealed by Golgi impregnations (Cajal and Sanchez 1915).
For the housefly, Musca, more than 70 types of neurones contribute to a reti-
notopic column, many of which are repeated one per column (Strausfeld 1976).
Likewise, in Drosophila, there are as many cell types, though fewer columns
because there are fewer facets (Fischbach and Dittrich 1989). Different species of
insects share many cell types in common, but others may be typical of the taxon.
To the extent that motion detection is ubiquitous across taxa, it might be expected
that neurones comprising elementary motion detection circuits are evolutionarily
conserved. This hypothesis has been supported by neuroanatomical studies com-
paring the cellular organization of dipteran optic lobes across genera and demon-
strating conserved neuronal morphologies and layer relationships in the magno-
cellular pathway to the lobula plate (Buschbeck and Strausfeld 1996). Similar
morphological types of neurones have also been identified in Lepidoptera
(Strausfeld and Blest 1970), and in Hymenoptera even though the latter lack a
lobula plate. However, in honeybees, tangential neurones that are equivalent to
those in dipteran lobula plate lie deep in the hymenopteran lobula. Neurones such
as T5 cells, which in flies link the outer stratum of the lobula to the lobula plate
(see Fig. 1), in Hymenoptera link the outer stratum of the lobula to layers of tan-
gential neurones lying deep within the same neuropil (Strausfeld 1976).

A crucial finding has been that the morphologies and stratigraphic relation-
ships within the lobula plate vary considerably among dipteran families, sug-
gesting that the wide-field neurones in the lobula plate or its analogue are unlikely
to be responsible for the process of elementary  motion detection itself.  For exam-
ple, in robber flies, the lobula plate is equipped with horizontally oriented tan-
gential neurones called HS cells, but not with vertically oriented VS cells
(Buschbeck and Strausfeld 1997), both of which occur in calliphorids. Such dif-
ferences contrast with the relationships among evolutionarily conserved and
uniquely identifiable small-field retinotopic neurones, which supply or are periph-
eral to the lobula plate (Buschbeck and Strausfeld 1996). The conserved neurones
that appear most likely to be involved in elementary motion detection include five
morphological types of lamina interneurones  (the monopolar cell types L1, L2,
L4 and L5 and the type 1 basket T cell, T1), two types of transmedullary cells
(called Tm1 and iTm), and two types of bushy T cells (called T4 and T5). Some of
these are illustrated in figure 1. Others are detailed in Strausfeld and Nässel (1981)
and Strausfeld and Lee (1991).
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Fig. 1 Shapes of neurones in the medulla and lobula complex that are implicated as components
of EMDs, shown as elements of 12 retinotopic columns. T1, L4, L2, and C2 have peripheral
inputs and/or outputs in the lamina (cf. Fig 2) and contribute, along with Tm1, to directionally
sensitive channels (DS). The intrinsic transmedullary cell (iTm), which terminates in the medulla
(me) at the level of the type 4 bushy T-cell (T4), is thought to be involved in directionally insen-
sitive channels (DIS). The terminals of Tm1 neurones in the lobula (lo) end on the dendrites of
quartets of type 5 bushy T-cells (T5), the axons of which segregate to four levels in the lobula
plate (lop) where they terminate onto layers of collator neurones (not shown).
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4. The conserved pathway

Wide-field collator neurones of the lobula plate are exemplified by horizontal
(HS) and vertical (VS) motion sensitive nerve cells found in calliphorid and
muscid flies (Hausen 1982; Hengstenberg et al. 1982; reviewed by Hausen 1993).
The dendrites of HS and VS cells receive retinotopically mapped synaptic inputs
in parallel from two types of bushy T cells, the T4 and T5 neurones (Strausfeld
and Lee 1991). T4 has its dendrites in the inner stratum of the medulla; those of
T5 lie in the outer stratum of the lobula, which for anatomical reasons (Strausfeld
and Lee 1991) and because it shows similar metabolic activity and immuno-
cytological staining (Buchner and Buchner 1984; Schuster et al. 1993), can be
viewed as a displaced layer of the inner medulla that is isolated from the remain-
ing lobula neuropil beneath it. In general, T5 and T4 cells can be considered func-
tional analogues of ganglion cells, with the inner layer of the medulla and outer
stratum of the lobula corresponding to the inner plexiform layer of the vertebrate
retina.

The dendritic fields of T4 and T5 appear identical, and their extent suggests
that they receive direct inputs from about seven visual sampling units, compared
to the dozen or so small-field channels that provide inputs to directionally selec-
tive ganglion cells in the rabbit (Vaney et al., this volume). T4 and T5 cells are
unusual in that probably four of each type arise from each retinotopic column (see
Section 5). This contrasts with all other types of retinotopic neurones in flies,
which – with the possible exception of Tm1 – appear only as a single element in
each column. The endings of T4 and T5 in the lobula plate also appear morpho-
logically identical except that they terminate at four main levels corresponding to
functionally identified strata that have distinct preferred motion directions. Based
on these anatomical features alone, both T4 and T5 have long been considered
prime candidates for participation in elementary motion detection circuits.

Intracellular recordings from identified T4 and T5 cells, however, suggest
that both receive outputs from elementary motion detection circuits that already
exhibit some degree of selectivity for motion direction. T5 shows a well-de-
veloped form of directional selectivity (Douglass and Strausfeld 1995) with exci-
tatory and inhibitory responses defining preferred and null directions, respectively.
These fully opponent responses suggest that T5 receives outputs subtracted from
pairs of elementary motion detection circuits with opposite preferred directions.
The existence of such a “subtraction” stage in the motion detection circuitry was
predicted from modelling considerations, and supported by physiological record-
ings from H1 tangentials (Borst and Egelhaaf 1990). These responses also suggest
that T5 neurones, or local interneurones onto which they may synapse in the
lobula plate, could release either acetylcholine or GABA depending on whether
the T5 neurone is depolarized or hyperpolarized. This suggestion is consistent
with evidence for both GABAergic (Strausfeld et al. 1995) and cholinergic ele-
ments near the level of wide-field tangential neurones in the lobula plate (Brotz
and Borst 1996).
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Recordings also have been made from T4 neurones (Douglass and Strausfeld
1996). In contrast with T5, the T4 cells appear less concerned with encoding
motion direction than with faithfully reporting local increases in light intensity,
whether due to flicker or the passage of ON-edges across their receptive fields.
Although the responses of T4 to motion are weakly direction-dependent, this
could reflect a form of cross talk via indirect connections with direction-sensitive
channels. Thus, the possible role of T4 in motion processing is uncertain.

If bushy T-cells (T4 and T5) are not themselves responsible for the first step
in motion computation, what is the source of the well-developed directional sen-
sitivity of T5 cells? Again, comparative studies have narrowed the candidates for
the main inputs of bushy T-cells to two types of retinotopic neurones that pene-
trate through all the layers of the medulla. These are called transmedullary cells
Tm1 (Figs. 1 and 2) and iTm (Fig. 1). Each occurs in every retinotopic column,
and each possesses dendrites disposed at strata receiving the terminals of lamina
monopolar cells. Each iTm neurone terminates in the innermost medulla stratum at
the level of T4 dendrites. This is different from another small field transmedullary
cell in the same column, Tm1, which sends its axon out of the inner face of the
medulla, across the second optic chiasma and into the outer stratum of the lobula
where it terminates among the dendrites of the type T5 bushy T-cells. Because of
their consistent alignment with bushy T-cell dendrites, irrespective of the depth of
the inner medulla in different taxa (Buschbeck and Strausfeld 1996), it is thought
that the terminals of iTm neurones are presynaptic to the dendrites of T4 bushy-T
cells. Likewise, the terminals of Tm1 neurones in the outer stratum of the lobula
should be presynaptic to the dendrites of T5 bushy T-cells. T5 cells are visited by
several Tm1 cells (Strausfeld and Lee 1991) from which they probably pool their
inputs, as well as from three other types of transmedullary neurones that also
terminate at the same level. These various types of transmedullary cells have been
described from Drosophila  (Tm1a, Tm9; Fischbach and Dittrich 1989) and
Phaenicia (Tm1b, Tm9; Douglass and Strausfeld 1998).

The only recording to date from the Tm1 cell clearly revealed a form of
directional selectivity (Douglass and Strausfeld 1995). Its response to one direc-
tion of motion was similar to a pure Off response, whereas the response to the
opposite direction was an On-Off-like response. Thus, the anatomical evidence
suggesting the involvement of Tm1 in motion processing is corroborated by direct
physiological evidence for directional sensitivity. Tm1 may represent an initial,
relatively undeveloped output of single elementary motion detection circuits, prior
to the expected subtraction of outputs from elementary motion detection circuits
with opposite preferred directions. One pressing issue is to determine whether
there is only a single Tm1 cell in each retinotopic column. If so, the expected four
preferred directions per column at the level of T5 cells (see below) would have to
be generated from differential synaptic weights of pooled outputs from neigh-
bouring Tm1 cells.  The other small-field transmedullary cell types mentioned
above that also terminate at T5 cell dendrites could in theory provide additional
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directionally selective inputs to T5 cells, but so far have not been shown to carry
directional information.

Also unresolved is the location of the requisite lateral connections required
for motion detection, particularly since the dendrites of each Tm1 cell in the outer
medulla extend little, if at all, beyond its parent retinotopic column (Strausfeld and
Lee 1991). Which neurones, then, are likely to provide these lateral connections?
As we have noted previously (Douglass and Strausfeld 1995) one possibility is
that the terminals of L2 monopolar cells provide inputs from adjacent visual sam-
pling points (columns in the lamina called optic cartridges) to Tm1. This conver-
gence could in principle be provided via the terminal processes of interneurones,
called T1 basket cells, whose dendrites in the lamina pool inputs from adjacent
optic cartridges via processes of lamina amacrine cells that are themselves post-
synaptic to receptor axon terminals (Fig. 2a). In the medulla, T1 cell terminals are
interposed between each L2 monopolar cell terminal and the dendrites of the
corresponding Tm1 cell (Fig. 2b). Another interneurone, the midget monopolar
cell (known as the L5 monopolar), also receives inputs from surrounding car-
tridges via tangential elements in the lamina, and in the medulla its terminal inter-
poses between the ending of an L1 monopolar cell and the transmedullary cell
dendrites in the same retinotopic column (Strausfeld, unpublished).

Other candidates for lateral connections exist in the lamina. One is the
tripartite monopolar cell, known as the L4 neurone. Ensembles of L4 neurones
provide a system of axon collaterals between neighbouring retinotopic columns
that are presynaptic onto the axons of L1 and L2 monopolar cells and onto other
L4 axon collaterals. At the level of the photoreceptor terminals, each L4 neurone
is postsynaptic to amacrine cells (α fibers; Strausfeld and Campos-Ortega 1973,
1977) that are themselves postsynaptic to photoreceptor terminals (Fig. 2a). These
amacrines are morphologically disposed to pool information from groups of 6-20
visual sampling units (Campos-Ortega and Strausfeld 1973). Thus, L4 neurones
and the lamina amacrine cells together provide a system of connections between
neighbouring retinotopic columns, as well as among more distant columns. This
anatomical flexibility could help account for motion computation between neigh-
bouring visual sampling units at higher light intensities, as well as motion com-
putation between more distant visual sampling units at low light intensities, as
suggested from the aforementioned studies of H1 motion sensitivity (Schuling et
al. 1989). Also of great interest is that the axon collaterals of L4 neurones together
provide a network of connections among lamina monopolar cells that is recti-
linear, and which therefore could provide for four orthogonal preferred directions.
In the medulla, L4 monopolar cell endings are also divided into three branches
that connect three adjacent retinotopic columns (Fig. 2a; see also Strausfeld and
Campos-Ortega 1972).



74               Douglass and Strausfeld

Fig. 2 Schematic of connections among neurones implicated in elementary motion detector
circuits (see text). Described pathways are accentuated by heavy lines and filled triangles (pre-
synaptic sites). a Connections between channels in the lamina (la; retina, re). Lamina amacrine
cells (am ) recruit inputs from photoreceptors (R) and synapse onto the tripartite monopolar cell
(L4) and the basket T-cell (T1). L4 collaterals provide a lattice of connections onto monopolar
cells (L2; see b) in adjacent retinotopic channels. L4 terminals provide a similar lattice between
adjacent columns in the medulla (me). Dendrites of T1 cells are postsynaptic to amacrines. In
the medulla, T1 endings are interposed between the endings of the L2 monopolar cells and the
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Thus far, physiological evidence that L4 itself might be directionally sen-
sitive is ambiguous.  In a single recording from this neurone, responses to motion
showed a direction-dependent phase shift (Douglass and Strausfeld 1995). How-
ever, because only one spatial frequency could be tested and the receptive field
location was unknown, the results could be explained by a phase inequality
between the receptive field and the position of the light meter that monitored the
grating motion. As for the other lamina monopolar cell types, a recording from the
midget monopolar cell (L5) demonstrated distinct responses to motion and flicker,
but no directional sensitivity (Douglass and Strausfeld 1995). Other recordings
from lamina monopolar cell types L1 and L2 during directional motion stimu-
lation showed no evidence of directional sensitivity, and only a slight hint of
directional selectivity has been noted in a single recording from L3 (Coombe et al.
1989; Gilbert et al. 1991). It should be remarked, however, that at the most
peripheral levels of the elementary motion detection circuit, contributing neurones
will not themselves exhibit directional responses to motion.

The type 2 centrifugal neurone (C2) provides a second and intriguing can-
didate for the required lateral connections in the motion detecting circuit. C2
neurones (Fig. 2b), along with the type 3 centrifugals (C3), occur in each reti-
notopic column (Strausfeld 1976). They provide feedback connections from their
dendrites in the inner layer of the medulla back to the outer surface of the medulla
and then to the lamina. Both the type 2 and 3 centrifugals (Strausfeld 1976) have
GABAergic terminals in the lamina and their cell bodies are also strongly immu-
noreactive to antiGABA antisera (Datum et al. 1986; Strausfeld, unpublished).
This feature is important when considering the lack of antiGABA immunore-
activity of these cells in the medulla. In the lamina, the terminals of type 2 cen-
trifugal cells are presynaptic to L1 and L2 neurones distally, above the level at
which these monopolar cells receive inputs from photoreceptor terminals
(Meinertzhagen and O’Neil 1991, Strausfeld, unpublished). The terminals of type
3 centrifugal cells are presynaptic to the entire lengths of L1 and L2 monopolars.
In the medulla, the type 2 centrifugal cells have dendrites at the level of T4
neurones, deep in the medulla, and a second set of dendrites at the level of the
endings of L1 monopolar cells, which penetrate to about a third of the depth of the
medulla. At the most distal level of the medulla type 2 centrifugal cells are
presynaptic onto the terminals of L1 and L2. However, these synapses are not
GABAergic, but occur in a thin stratum of neuropil that is immunoreactive to a

dendrites of the type 1 transmedullary cell (Tm1; see B), providing serial synapses (ssyn) and
thus possible delay lines. b Connections between channels in the medulla. Receptors repre-
senting a single visual sampling point provide input to L2, which end at the level of type 1
transmedullary neurones, along with the terminal of T1. In the lobula (lo; in a) several Tm1s
terminate on a single bushy T-cell (T5) that is presynaptic onto a collator neurone in the lobula
plate (lo p; in a). Type 2 centrifugal neurones (C2) connect retinotopic channels. C2s receive
inputs in the medulla (source unknown) and provide outputs at two distal levels: just above the
ending of L2, and in an adjacent column in the lamina onto L2. The latter synapse is
GABAergic, here designated by a negative (inhibitory) sign. The former is thought to be choli-
nergic and is designated by a positive (excitatory) sign.
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subunit of the Drosophila  acetylcholine receptor (Strausfeld, unpublished). Thus,
type 2 centrifugal cells appear to contain two types of transmitter substances:
possibly acetylcholine at the outer level of the medulla and GABA in the lamina.

Each C2 centrifugal cell appears to “jump” between retinotopic columns.
That is to say, the C2 axon is displaced from its parent retinotopic column to an
adjacent column at the level of its putatively cholinergic presynaptic site at the
medulla’s surface (Fig. 2b). This organization is intriguing, and made all the more
so by the centrifugal cell’s responses to grating motion (Douglass and Strausfeld
1995). These include a subtle orientation selectivity to vertical as opposed to hori-
zontal gratings. Possibly the orientation selectivity reflects the vertical orientation
of centrifugal neurone dendrites deep in the medulla at the level of T4 dendrites.

5. Are there distinct functional classes of elementary
motion detectors?

It is often argued that insects are simpler than vertebrates, and therefore more
tractable. However, this cannot be said of the lamina and medulla. Not only do
these regions contain an astonishingly large variety of cell types, but the stratified
organization of the medulla is at least as elaborate as the most stratified plexiform
layers of vertebrates, such as those of birds (Cajal 1888). Thus, insect visual
processing is not likely to be constrained by a shortage of neurones even though
the raw visual inputs are at a lower spatial resolution than in most vertebrates.

It is possible, therefore, that comparative studies will uncover more systems
of identified neurones that are shared across taxa having similar visual behaviours.
Already, there is evidence that the Tm1-T5 pathway and its associated elements
(the monopolar inputs and centrifugal neurones) are unlikely to be the only
elementary motion detection circuit because other systems outside the lobula plate
are directionally motion-sensitive. For example, the region of high acuity on the
retina of male flies is relayed to systems of large collator neurones in corre-
sponding regions of the lobula (Strausfeld 1991). These neurones, all motion
sensitive and some directionally selective (Gilbert and Strausfeld 1991), supply
systems of descending neurones (Gronenberg and Strausfeld 1991). The dendrites
of male-specific motion sensitive neurones lie deep in the lobula and cannot be
reached by any of the small retinotopic elements described so far. How, then, do
they receive information about motion direction?

One possibility is that outputs from a single type of elementary motion
detection circuit are distributed among several types of elements that project from
the medulla to the lobula. Among these elements are Y-cells, so called because
their bifurcating axons terminate in the lobula plate and deep in the lobula. Com-
parable neurones have been identified both in Diptera and in Lepidoptera
(Strausfeld 1970; Strausfeld and Blest 1970). In addition, the medulla provides
many other morphological types of transmedullary cells that terminate deep in the
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lobula. Although not yet investigated, it is possible that the inner medulla axon
collaterals of these transmedullary neurones receive inputs from the small field
Tm1 or iTm cells. If this occurs, it would allow distribution of motion information
from a single set of elementary motion detecting circuits in the medulla to all
levels through the lobula. Recordings from Tm and Y cells, which are difficult to
penetrate due to their slender axons, show responses that are motion-modulated.
Two identified Y-cells, Y 18 and CY 2, are directionally selective (Douglass and
Strausfeld 1996, 1998). Thus information about directional movement across the
retina can reach all levels of the lobula.

6. Segregated ON and OFF pathways and motion detection

Vertebrate retinae are characterized by an early segregation between ON and OFF
channels, which begins at the photoreceptor outputs to bipolar cells and persists to
some degree as separate populations of ON- and ON-OFF-directionally sensitive
ganglion cells. Vaney et al. (this volume) make a further functional distinction
between ON-OFF directionally selective ganglion cells as general purpose small-
field motion detectors, and ON-directionally selective ganglion cells as early
elements of segregated global motion processing pathways. So far, in flies, there is
no evidence for an early segregation of ON and OFF channels, nor for a spe-
cialized small-field pathway devoted to global motion processing. All lamina
monopolar cells (L1-L5) that receive direct or indirect inputs from photoreceptors
(Strausfeld and Campos-Ortega 1977) and provide outputs to the medulla exhibit
both ON and OFF responses to flicker (Laughlin 1981; Gilbert et al. 1991;
Douglass and Strausfeld 1995). Correlation models of elementary motion detec-
tion successfully explain a variety of behavioural and electrophysiological obser-
vations by invoking a multiplicative interaction between input channels (Egelhaaf
et al. 1989), and this interaction does not require separate ON and OFF pathways.
If such pathways exist, supporting evidence would be provided by neurones that
exhibit half-wave rectification, transmitting only ON or only OFF responses to
combined ON and OFF inputs. In recordings from the wide-field motion-sensitive
neurone H1 that were specifically designed to test for these properties, Egelhaaf
and Borst (1992) found no evidence for separate ON and OFF mechanisms.
Nevertheless, recordings from identified small-field neurones demonstrate half-
wave rectification at levels peripheral to the lobula plate. The transmedullary
neurone T1a (Gilbert et al. 1991) and the bushy T cell T4 (Douglass and
Strausfeld 1996) have both shown predominantly ON responses, while an
amacrine cell deep within the medulla responded only to light OFF (Douglass and
Strausfeld 1996). ON and OFF segregation clearly exists in these neurones, but
their relationship to motion processing is uncertain.
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7. Distinct directional classes of small-field motion
detectors: A feature shared by rabbit and fly?

Vaney et al. (this volume) discuss physiological evidence suggesting that the
preferred directions of the ON-OFF directionally selective ganglion cells in the
rabbit are clustered around four cardinal directions: downward, upward, temporal,
and nasal. In flies, both anatomical and physiological evidence point to a similar
organization. Anatomical studies indicate the presence of four identical small-field
relay neurones (T4 cells) from each retinotopic column in the medulla, and at least
two T5 cells per column in the outer lobula, all supplying collator neurones in the
lobula plate (Fischbach and Dittrich 1989; Strausfeld and Lee 1991). The T4 and
T5 cells each segregate their terminals to four major strata in the lobula plate, each
stratum containing collators that are selective for one of four cardinal directions –
downward, upward, progressive horizontal, and regressive horizontal – when
stimulated with unidirectional wide-field motion (Hengstenberg 1982; Hausen
1993). Activity staining by 3H 2-deoxyglucose during stimulation with panoramic
motion confirms that these strata comprise a directional map in the lobula plate.
Each layer accumulates radioactive deoxyglucose according to the motion direc-
tion to which the animal was exposed (Buchner and Buchner 1984; Buchner et al.
1984). Moreover, intracellular recordings from identified neurones, the dendrites
of which are restricted to specific levels in the lobula plate, are consistent with this
organization (Douglass and Strausfeld 1996, 1998). Finally, recordings from T5
neurones clearly demonstrate their directional selectivity, and in a manner that is
consistent with an orthogonal pattern of preferred directions (Douglass and
Strausfeld 1995).

8. Analysis of motion direction and speed

The physical properties of local motion are embodied in two parameters, direction
and speed. Thus, in order for any motion processing system to make full use of
motion information, information regarding both parameters should be acquired in
some fashion. Early behavioural experiments involving optomotor responses, as
well as models of classical correlation detectors and recordings from wide-field
tangential neurones, suggested that motion detectors in insects are highly sensitive
to the temporal frequency (cyc/s) of a pattern and thus do not provide an unam-
biguous measure of absolute speed (º/s). However, behavioural tests of the flight
behaviour of fruit flies and bees in wind tunnels show that insects can use the
angular speed of optic flow for range estimation (David 1982; Srinivasan et al.
1991).

Evidence is now accumulating that computational bases for separately ana-
lysing motion direction and speed exist even at the level of elementary motion
detectors. There are several types of mechanisms that could participate in the
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analysis of speed information. First, because there are multiple candidate parallel
pathways for delivering retinotopic motion information to the lobula plate (see
above), it has been suggested that separate pathways may exist which are pre-
dominantly direction-sensitive or speed-sensitive (Srinivasan et al. 1993; Douglass
and Strausfeld 1996). How could a speed-selective pathway arise? One obvious
mechanism of speed discrimination involves comparing the responses of distinct
motion detector subgroups with different sampling bases and temporal filter prop-
erties. This mechanism has indirect support from recordings at higher processing
levels (Horridge and Marcelja 1992; O’Carroll et al. 1997) which suggest the
existence of two classes of motion detector with distinct speed sensitivity ranges.

An unresolved difficulty is the often-cited preferential sensitivity to contrast
frequency over absolute speed of the wide-field collators, which has conformed to
predictions from theoretical correlation-type motion detectors. Must speed infor-
mation then be extracted at higher levels that are postsynaptic to the lobula plate
collators? A single elementary motion detection circuit that can reliably provide
both direction and speed information would provide an elegant alternative. A
recent re-examination of correlation-type motion detector models suggests an
effective and biologically plausible design for such circuits. In a standard mirror-
symmetrical elementary motion detection circuit with a subtraction stage, the
gains at the outputs of the two “half-detectors” are usually defined to be approxi-
mately equal, and the circuit tends to be preferentially sensitive to contrast
frequency. The same kind of circuit can be tuned to speed instead, simply by
reducing the balance between the two half-detectors (Zanker et al. 1999).
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