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Abstract

This paper describes a search for neurones sensitoptic flow in the visual system of the
shore crabCarcinus maenasusing a procedure developed from that of Krapp and
Hengstenberg. This involved determining local motisensitivity and its directional
selectivity at many points within the neurone’segtive field and plotting the results on a
map. Our results showed that local preferred toes of motion (LPDs) are independent
of velocity, stimulus shape, and type of motiondiaiar or linear). Global response maps
thus clearly represent real properties of the nesoreceptive fields.

Using this method, we have discovered two familiésinterneurones sensitive to
translational optic flow. The first family has iisrminal arborisations in the lobula of the
optic lobe, the second family in the medulla. Thsponse maps of the lobula neurones
(which appear to be monostratified lobular gianireees) show a clear focus of expansion
centred on or just above the horizon, but at sicgmitly different azimuth angles.
Response maps such as these, consisting of pattermgvement vectors radiating from a
pole would be expected of neurones responding lfevs®ion in a particular direction.
They would be stimulated when the crab moves tosvrd pole of the neurone’s receptive
field. The response maps of the medulla neurom®wvsh focus of contraction,
approximately centred on the horizon, but at sigaiftly different azimuth angles. Such
neurones would be stimulated when the crab walkemlydrom the pole of the neurone’s
receptive field.

We hypothesise that both the lobula and the medhtéaneurones are representatives
of arrays of cells, each of which would be optimalttivated by self motion in a different
direction. The lobula neurones would be stimuldtgdhe approaching scene, the medulla
neurones by the receding scene. Neurones tunddamglational optic flow provide
information on the three dimensional layout of #mvironment and are thought to play a

role in the judgment of heading.



Introduction

Vision plays a key role in the majority of anim#&bs their survival. However, the variety
of eye types and the functions for which they atapded is huge (Land and Nilsson, 2002).
In contrast to the camera eyes of vertebrates, ragthyopods have compound eyes, made
up of individual units called ommatidia, each ofiefh has its own lens system and
photoreceptors.  Such compound eyes have two msitypes, apposition and
superposition, that are adapted for vision undgh laind low light intensities respectively
(Land, 1981). The eyes of crabs are known as phacatuperposition eyes (there are also
reflecting and refracting superposition eye typagsy each ommatidium uses a mixture of
lens and mirror optics to form an image of a srpalt of the field of view at the tip of the
rhabdom, the part of the eye where the visual pignis located (Nilsson, 1988).
Compared to humans, both spatial acuity and colmion are poor, but the eyes do detect
ultraviolet light and are sensitive to the planepofarisation of light. The latter ability is
particularly useful for seeing reflecting surfad@eil and Zanker, 1997) and, at least in
insects such as bees, is used for navigation. &rab, though lacking a fovea, have a band
of high acuity located around the equator of the, ayhich is particularly pronounced in
‘flat-world’ crabs that live on sand or mud flatepugh less so in ‘complex environment’

crabs such as the shore cr@hycinus the crab used in this study (Zetlal, 1986; 1989).

As well as the perception of brightness and coleyes detect form and movement, and
this motion perception is involved in a multitudd behavioural tasks including
finding/selecting a mate, avoiding predators, catglprey, as well as more basic tasks such
as control of balance and contributing to oculomoéfiexes. Motion detection can also be
used by animals to detect their own movements-(setfon) in order to navigate through
their surroundings. Therefore the detection of emgnt plays a very important part in an
animal’s life and, consequently, has been an adield of research (see reviews by e.g.
Land, 1999 and Eckert and Zeil, 2001).

Of particular interest is the image motion over figgna of the eye resulting from an animal
moving through its surroundings, first described ®¥pson over 50 years ago (Gibson,
1950). The term “optic flow” was used by Gibsord&scribe these images and his studies



were aimed at understanding the role of optic flowisual perception and guidance. The
mathematics behind these studies was introducedeynderink and Van Doorn (1987)
and has led to rapid advances in computer visiah the development of autonomous
robots that can navigate on the basis of optic flewy. Srinivasaet al, 1999; Greeret al,
2004; Hyslopet al., 2010). Optic flow can be split into two comporgntational and
translational. Active turning results in a rotaiib optic flow field in which all the vectors
(indicating direction of motion and its velocity) @ given elevation have the same length,
irrespective of the distance of the objects inithage, and they all point in the opposite
direction to the movement. Motion in a straighteli on the other hand, produces a
translational flow field with a pole or focus of gansion in the direction of travel, and
vector length depends on both the angle of theotmnelative to the direction of travel and
the distance of objects from the eye. Gibson destnated that the rotational component
could be used to correct deviations from an intdngath, while the translational
component provides animals with a large amountf@rmation about their own movement
such as velocity, distance covered, and headinigs@Bi 1966). Since this time, evidence
has accumulated for the involvement of optic flawtasks such as distance estimation
(David, 1982; Srinivasamet al, 1991), collision avoidance (Holmqvist and Srasan,
1991; Tammero and Dickinson, 2002), maintenanca abnstant heading (Collett and
Land, 1975), course stabilization and oculomotartics (Hassenstein and Reichardt, 1956;
Gotz, 1975), triggering of landing responses (Wagh882) and control of moth-flower
distance in hovering flight (Fariret al, 1994).

Within the vertebrates, optic flow neurons have rbeecorded from both birds and
mammals, including the mammalian vestibulocerebel($impsonet al, 1981), primate
dorsal MST (Saiteet al, 1986; Tanaka and Saito, 1989; Paodinal, 2002), primate VIP
(Bremmeret al, 2002) and avian nucleus rotundus (Wang and Fi®82; Wylie and
Frost, 1993; Sun and Frost, 1998). Optic flow paes of insects include neurones in
hovering moths that respond to looming or recedstiqwuli (Wicklein and Strausfeld,
2000), but undoubtedly the best understood syssetimei lobula plate (third optic neuropil)
of blowflies. This contains about 60 wide-fieldeatitionally-selective visual interneurones
called tangential neurons (Hausen, 1982a,b; Haus#8¥; Hausen and Egelhaaf, 1989).



Elegant experiments by Krapp and Hengstenberg (188& Krappet al (1998), reviewed
by Krapp (2000) and extended by Haag and Borst4p@énongst others, have revealed
that many of these neurones have a distributioloadl preferred directions (LPDs) and
local motion sensitivities (LMSs) that show a strik similarity to those of optic flow
fields. The findings suggest that each tangemggirone is tuned to process image flow
generated by specific movements of the flying ihgsee review by Taylor and Krapp,
2007).

Much less is known about the visual system of aewesins. Early work identified response
properties of interneurones of the optic nerveingpe stimuli. These included sustaining
fibres, dimming fibres and several classes of nmotietectors (Watermaet al, 1964;
Wiersma, 1966; Wiersma and Yamaguchi, 1966, 19&rk ¥nd Wiersma, 1975, reviewed
in Wiersmaet al, 1982). Subsequent studies based on intraceletarding and Lucifer-
yellow injections confirmed the identity of manytbie sustaining fibres (Kirkt al, 1982,
1983). More recent work on the neural integrabbmotion stimuli of particular relevance
to this study examines the properties of neurospamesive to looming stimuli that elicit
escape (Tomsiet al, 2003; Medaret al, 2007; Olivaet al, 2007; Sztarker and Tomsic,
2008).

This paper examines the responses of visual nesiregrgsitive to optic flow in the visual
system of the shore crab using Krapp and Hengstgisberocedure (Krapp and
Hengstenberg, 1997) adapted for crabs (Johesah, 2002) and other visual stimulation
methods. This involves determining the local motensitivity at many points within the
receptive field. The map of LPDs and LMSs derivedhis way then reveals the cell's
global motion sensitivity. Using this method, wavh discovered two families of
interneurones sensitive to optic flow, one in tbbula, the other in the medulla. We
hypothesise that both the lobula and the medutaneurones are representatives of arrays
of cells with poles at different azimuth angles;teaf which would be optimally activated
by self motion in a different direction. The lohuheurones would be stimulated by the
approaching scene, the medulla neurones by thelingcecene. Preliminary accounts of
these experiments appear in Baraeal (2001) and Barnest al (2002).



Materials and Methods.

Animals

Experiments were performed on shore crabarcinus maenaglL.), collected from the
Firth of Clyde, Scotland (Millport Marine Station)They were maintained for up two
months in holding tanks of circulating sea-watem{perature: 10°C, 12 h/12 h light/dark

regime) before use. They were fed once a weekdetaf fish.

Preparation.

Recordings were made from the right eyestalk obsraf both sexes, and carapace width
5-7 cm. The crab was first induced to autotontigechelae, and mounted horizontally in a
clamp. The right eyestalk was then fixed to theapace with cyanoacrylate cement in a
natural ‘raised’ position while the left eye wasigfl into a position fully withdrawn into its
socket. In order to make intracellular recordifrgen visual interneurones in the optic lobe
it was necessary to exchange the blood for oxygenRinger’s solution. This was done by
a method broadly similar to that described for ishy(Glantz and Bartels, 1994; Kigt

al., 1982). The hypodermis dorsal to the heart wa®sagh by making a circular cut (ca.
1cm in diameter) through the cardiac region of theapace using a dental drill. The
circular flap of cuticle thus formed was carefulgmoved without puncturing the skin. A
similar area of hypodermis in the left protogastagion of the carapace (nomenclature of
Pearson, 1908) was exposed in the same way. Hhewas then lowered into a bath of
cold (6°C) oxygenate@arcinusRinger (inmM: NaCl 500, KCI 12, CaGl12, MgC} 20,
Tris 10, Maleic acid 2, glucose 2, pH 7.3; modifigter Bush and Roberts, 1971). The
exposed hypodermis above the heart was then cut, @alneapericardium torn and the blood
was allowed to exchange with the surrounding Risgeplution. This process was
accelerated by injecting Ringer’s solution into thain chamber of the heart (10-15 ml

min) via a syringe and hypodermic needle.



After 25 minutes of ex-sanguination, the crab wasnected to a gravity-fed system for
continuously perfusing the circulatory system vagtygenated Ringer’s solution. The crab
was first raised above the surface of the Ringsoslstion. Then a cannula was introduced
into the hole in the carapace above the heart aalkd in position with a combination of
cyanoacrylate cement and Blu Tack™ (Bostik). Tlhafrate was set to about 3 ml riin
The previously exposed hypodermis in the protogas&gion was cut away and the
underlying blood sinuses opened in order to pro@deute for Ringer outflow. In some
preparations it was necessary to displace the exppart of the stomach posteriorly and
glue it to the carapace in order to prevent it frballooning out through the hole and
blocking the Ringer outflow. After re-immersingethrab, the right optic lobe was exposed
by whittling away the overlying eyestalk cuticle tivia scalpel blade, removing the
hypodermis, and desheathing the optic ganglia enrdgion of interest. The crab was

removed from the saline bath and transferred t@tperimental set-up.

Visual stimulation

Visual stimuli were back-projected onto two flarens (38cm long x 32cm high) that
formed two sides of an equilateral triangle (Fig. IThe crab was positioned midway
between the two screens, facing the apex, withigi eye at the mid-point of the triangle.
In this way, images could be projected over an Emgange relative to the eye of 240° in
azimuth (0° to 120° on the right screen, 0° to 2i@®the left), and about 100° in elevation
(typically —40° to +60° relative to the crab’s rxom).

The test stimuli were generated by computer programitten in the Turbo Pascal or
Borland Delphi languages, and running on PCs. Theke projected via angled plane
mirrors onto each screen with LCD computer projec{@anasonic PT-L291EG, resolution
640x480 pixels, contrast ratio 150:1). Using &tligheter placed at the position normally
occupied by the crab we measured maximum and mmirfuminances of our stimuli

(using a ‘completely white’ and ‘completely darkireen, respectively) of 42.2 and 0.33 cd
m?. The Michelson contrast [(Imax-Imin)/(Imax+Imim}{as therefore 0.98. The main
stimuli used in this study were: a moving whitekd{gig. 2b), a flashing white disk (Fig.

2c), small-field straight line motion (Fig. 2d), alafield circular motion (Fig. 2e), small-



field circular motion compensated for distortionsedo perspective (Fig. 2f) as described
in Johnsoret al (2002). Responses to local motion stimuli wergtdd at fixed angular
intervals, typically of 15° azimuth and elevatiantlae intersections of the grid shown in

Fig. 2a.

As Barneset al. (2002) have shown, our computer-generated stiarelientirely suitable
for crab visual system research. In particulae, risfresh rate of our computer projectors,
70Hz, was significantly higher than crab flickersion rates, 50Hz (light-adapted) and
32Hz (dark-adapted), measured in the fiddler ctata pugilator (Layne et al, 1997).
Secondly, the spatial resolution of our experimesgs-up, 0.1875° per pixel, was over 10

times greater than the best spatial resolutioh@Carcinuseye, 2° (Zeiket al. 1986).

Intracellular recording and staining

Intracellular recordings were made using eithen-thalled (1 mm outer diameter; 0.22
mm wall; impedance 40 M) or thick-walled (1 mm outer diameter; 0.42mm wall
impedance 110 K2) borosilicate glass microelectrodéed with 4% Lucifer Yellow in
the tip and 1 M lithium chloride in the barrel. MNal responses and monitors of intra-
cellular current injection and the visual stimulugere amplified conventionally and
recorded online using a CED1401plus interface api#eS2 software running on a PC.
Subsequent data analysis was performed using Sp#&ipts. Raw data and analysed

results were stored on the hard drive and recoedairhpact discs.

Neuronal morphology was investigated using Luc¥felow dye injection (Stewart, 1978).
Cells were dye-filled using approximately -4 nA tanous current injection for as long as
possible. In practice, this varied from 5 to 90 nt@s. As soon as the recording was over, a
drop of fixative was applied to the eyestalk tdiate the fixation process. Then the whole
eyestalk was removed from the crab and dissectdtkative. The fixative consisted of
3.7% formaldehyde with added sucrose (15 g perml)On a phosphate buffer (5 g NacCl,
14 g NaHPO,.2H,0 and 3.2 g NapPO,.2H,0, dissolved in 1 litre of distilled water). Both
fixative and buffer were adjusted to pH 7.3 witiMINaOH. It was found that the fixative

did not penetrate properly unless the optic gangleae dissected out of the eyestalk.



Preparations were then left to fixate overnightainrefrigerator. Reconstructions of
neuronal morphology were carried out on whole meuwiewed under a fluorescence

microscope.

Data analysis

Some pre-treatment of the data was necessarysmgy Spike2 peak detection or threshold
facilities to generate an event channel for nerapulses based on the waveform of an
intracellular recording. However, after this theabysis was semi-automatic. Examples of
the stages involved in deriving the directional imotsensitivity of a neurone to small-field
circular motion at an individual screen locus (Kyagnd Hengstenberg, 1997) are shown in
Fig. 3. The first stage was to generate a phaagrain of the response to anti-clockwise
motion (Fig. 3a), based either on impulse activtya signal average of non-spiking
responses (Fig. 3c). The mean preferred directvas derived by circular statistics
(Batschelet, 1981). A similar phase diagram ofrésponse to clockwise rotation (Fig. 3d)
is not directly comparable because the sequencaotibn directions tested is different.
However, the clockwise plot can be made compartbline anti-clockwise response by
reversing it (i.e. rotating it about its x-axis)dathen phase-shifting it by 18@Fig. 3e).
Clearly, the curves for anti-clockwise and clockevimotion still do not match. This is
because the anticlockwise distribution is subjecat unknown phase lag whereas in the
clockwise distribution, this has been convertedroequal phase lead, due to the flip/shift
transformation of the data. Thus, the two distiims are separated by 2x the phase shift.
The true preferred direction is derived by shiftthg anticlockwise distribution clockwise
(to eliminate phase lag), and the clockwise digtidn anti-clockwise (to eliminate phase
lead), until the mean vectors are aligned. The tnean-vector is obtained by averaging
the two distributions and recalculating the circudtatistics (Fig. 3f). During the analysis,
a provisional response map is built up progresgias each response at a new screen
position is analysed on a ‘Mercator map of vissghce. A vector is drawn at each
position tested, the angle indicating the localfgmred direction of motion. The vector
length is ‘r’, indicating the local strength of shdirection preference; r=1 means that all
events fall within the same directional bin, whiteO means that they are equally

distributed over the full 360° angular range. Oaltdhe data is analysed, a local motion



sensitivity (LMS) response map can be generated [Bgs 6-8). Here local motion
sensitivity is defined as mean response in ‘as@@tor that is centred on the local preferred
direction (LPD) minus the response in thé 88ctor centred on the anti-preferred direction.
Vector lengths can be normalised relative to thigdst to generate a map that facilitates
comparison of sensitivity patterns between indiaidu

A second method of generating the polar plots frehich the LPDs and LMSs are
calculated used straight line motion (Fig. 4). tHese linear motion tests, the same target
disk moved, at constant speed, back and forth sadiws diameter of the circular path
followed in the rotating disk paradigm (Fig. 4d)he target remained stationary for a fixed
time at the end of each sweep so that the unkn@sponse latency did not lead to
ambiguity between responses to motion in oppoditecibons (Fig. 4b). After a fixed
number of sweeps, the ‘diameter’ tested was adwhbge30 and the process repeated
until all 12 directions had been tested. Theahpiair of directions was then repeated as a
control for adaptation of motion sensitivity duritige sequence. Polar directional plots
were based on cumulated spike counts for each mali@ction (Fig. 4c), and the LPD
derived from this by circular statistics (BatschelE981). In practice, this method was
generally applied at relatively few screen locondler to corroborate the analysis based on
rotational motion. This was because the linearionastimulus was more time-consuming

and has a much lower resolution.

Results

Our analysis of the properties of wide-field motidetecting neurones that might be
involved in the detection of optic flow involvedhao-stage process. First, the direction of
local motion sensitivity was analysed at many ddfeé points within the neurone’s
receptive field. Then the resulting vectors, reprging the direction and strength of
motion sensitivity at each analysed position, wesed to compile a map of the cell's
global motion sensitivity.

10



Analysing local motion sensitivity in wide-fielgwal interneurones

The initial stimulus used to search for motion-#&res neurones and estimate their
receptive fields was a white disk moved over a lblhackground using the computer
mouse (Fig. 2b).Receptive fields were further characterised frospomses to a flashing
white disk at each test locus (Fig 2c). Only mots@nsitive neurones with large receptive
fields (>90° of arc) were studied further. Neummath the above properties were found in
both the medulla and lobula neuropils of the optact (terminology of Sztarkest al,
2005).

Local preferred directions of motion sensitivityRRDs) were analysed from the responses
to rotation of a white disk moved in a circle, fieticlockwise for a number of cycles and
then clockwise for the same number of cycles (Begf). As Figure 3 illustrates, most of
these neurones responded with bursts of nerve gapub these local stimuli whenever the
movement was in the preferred direction for thisation within the receptive field, though
we have also analysed subthreshold responses lfjpoiny. Polar phase diagrams were
separately compiled for clockwise and anticlockwisgponses (Fig. 3c,d) and then, after
appropriate transformations (see figure legend figd 3e), combined to give the final
polar plot (Fig. 3f).

LPDs have also been calculated from responsesdigist-line motion rather than rotation
(Fig. 2d). Fig. 4 shows a typical example of thsponses obtained from a neurone in the
medulla. As Fig. 4b shows, the response is phasig;tthe firing frequency remaining
high for a period after the end of the movementoteNthat movement in the opposite
direction produces inhibition. Exactly the sameesa positions could be tested with the
two different methods to provide a check of thescliional selectivity. Polar directional
plots (e.g. Fig. 4c) were based on accumulatedespdunts for each motion direction.
Resulting LPDs usually had smaller concentratioraipeter values than when circular

motion stimuli were used (see below)..

An example of such a check of directional selegtigppears in Fig. 5. It shows that LPDs

are reassuringly robust and relatively insensitigechanges in speed of movement.
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Estimates of LPD for a single point in the neurgneceptive field are hardly affected by
changing the velocity at which the disk is rotafed cycle periods between 0.5 and 3 s
(Fig. 5a), though there is a halving of the valdeth® concentration parameter r for a
fourfold increase in cycle period. These periadsidlate into angular velocities covering
the range 35-200°'s LPDs are also unaffected by the method usedotopie them.
When linear motion stimuli are used instead of tatheg disk (Fig. 5b-d show 3 different
points in the visual field), the LPDs remain clgselatched, though again the value of r is
affected, being lower for straight line stimuli. h& reduction in r for straight line
movements is, however, mostly a property of the imayhich the polar plot was compiled
for such movements, for they include the tonic adl s the phasic response to the
movement (Fig. 4c). In Fig. 5e, we look at onenpam space, and use circular motion to
assess the mean vector (plotted on the Y axiseofjtaph). This is affected neither by the
period of the motion (X axis of graph), nor the ghaf the object moved, whether it be a
spot, bar, annulus or lattice. The line of bestidinot significantly different from the
horizontal (t-test: p>0.10). Together, these thtests make us confident that LPDs
represent real properties of the neurones’ recepti®ds, rather than artifacts of the

experimental method.

Response map compilation

Fig. 6a-d shows recordings from a wide-field motd®iecting neurone with its dendritic
arborization in the medulla, and phase plots regplirom stimulating positions in space
20° apart in azimuth. There is a clear reversali@ctional selectivity between the two
points (mean phase shift equals 170°+34°, n = &Iich a result makes it clear that we are
dealing with a neurone with a complex receptivddfie Local motion sensitivity was
therefore analysed over the whole receptive fiélthe neurone, at all 56 standardised grid
coordinates, and the resulting LPDs were then gdlotinto a Mercator projection map of
visual space. This map is shown in Fig. 6e (greectors). It has a clear focus of
contraction (FOC) at about 45° to the right of thilline at an elevation of about -20°
(horizon equals 0°) and all vectors are directepr@pmately towards this point. The
illustrated polar plots are situated on either fi¢ghe FOC in columns 3 and 5 of row 4
(asterisks). As a test of whether response mapsndied on the type of visual stimulus, we

12



have used three different methods to calculatd_Bi@s in Fig. 6e. The different colours
represent flat screen rotational stimuli (Fig. 28pwn in green, pre-distorted rotational
stimuli (Fig. 2f) shown in black, and straight-limeotion (Fig. 2d) shown in red. Clearly
there is a good match between the results obtaisedy the three different methods, an

indication that such maps truly represent the £gjlobal motion sensitivity.

Variability of responses within animals was testeda number of occasions by repeating
the compilation of the map of local motion sengiyiafter an interval of about half an hour
with the microelectrode still within the neuroneConsistent values were invariably

obtained (data not shown).

Types of response map and their properties

Of the 18 preparations (out of a total of 27) wheeshave good data and have been able to
compile response maps from up to three wide-fiefthtion-sensitive neurones per
preparation, we have successful Lucifer Yellowsfillom 13 neurones. The majority of
these have their dendritic arborisations in theulaband their somata ventrally located
between the lobula and the lateral protocerebrdnsmaller percentage has their dendritic
arborisations in the medulla and their somataatetige of the lobula near the sinus gland.
All neurones anatomically identified as medulla noees (Fig. 7a) had response maps
characterised by a FOC (Fig. 7b), while all neusomeatomically identified as lobula
neurones (Fig. 7c,e) had response maps charadtdéysa focus of expansion (FOE) (Fig.
7d,f). We conclude that we are recording from tareays of neurones with opposite
properties. Neurones receiving their inputs in tmedulla have receptive fields
characterised by a FOC and so would be stimulayeteteding objects, while neurones
receiving their inputs in the lobula have receptivdds characterized by a FOE and so
would be stimulated by approaching objects. Ssipgly, in view of the fact that high
gain optokinetic responses occur in crabs sudbaasinus(Horridge and Sandeman, 1964;
Horridge, 1966; Barnes and Horridge, 1969), we haterecorded from neurones sensitive

to rotational optic flow.
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From experiments where we have recorded from nttae bne neurone in a preparation
(Fig. 8), it is clear that different neurones hawaes at different azimuths. As far as
medulla neurones are concerned, we have recorded dells where the azimuths of the
FOCs were located at 0° (frontal), 50-55°, 90° H2@P to the right of frontal (n = 10). For
lobula neurones, the azimuths of the FOEs areddcat 30-40°, 60-75° and 90-100° to the
right of frontal (n = 17). Presumably, the leftiodobe will include cells covering the area
to the left of the midline. Examples of these illtstrated in Fig. 8. Whether the foci also
have different elevations is less certain, becafigmssible errors (£10°) in the positioning
of the eye. For medulla neurones, the range waste2+30° (horizon = 0°), with a mean
value of -5° (n = 10), while for lobula neurondse range was 0° to +48° with a mean of
+22° (n = 17). It certainly appears that the FOE®bula neurones are in general centred

above the horizon.

The majority of response maps had a receptive f8ell20° in width and extending
vertically from about 40° below the horizon to ab60° above it (Figs 7d and 8). A small
minority were much wider in extent. For instanttee medulla neurone whose response
map is shown in Fig. 7b extended from -65° to +&@dile the lobula neurone whose
response map is illustrated in Fig. 7f extendedhfr@15° to +115°. For all neurones where
we both dye-filled the neurone and mapped its nespdield, there was a good correlation
between the extent of the dendritic tree and thdthwof the response map (Fig. 7).
Response maps of medulla neurones were relatieighle in shape. Fig 8c shows a map
where there is an extended vertical area around@@, while those in Figs 7b and 8d
show extended horizontal areas. A common featfirlwlula neurone response maps,
illustrated in both Fig. 8a and 8b (but not in Hg) is for the response map to be extended
horizontally, perhaps providing a template for tlaizontal skylines that dominate most
seascapes (Barnesal, 2001; Eckert and Zeil, 2001).

Other properties of these neurones

The class of interneurone having their dendritiboasations in the medulla respond
vigorously to the preferred direction of motion aaré strongly inhibited by movements in
the opposite direction (Fig.6a,b). They also resbphaso-tonically to ‘light on’ and are
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momentarily hyperpolarized following ‘light-off’ (s 9a). Lobula neurones, on the other
hand, showed ‘on’ and ‘off’ responses to a statiprigght stimulus in addition to their
response to movement (Fig. 9b). In a few experimtheir distribution was mapped. Both
‘on’ and ‘off’ responses occurred in the centrag¢arof the receptive field, with ‘off’
responses extending towards the periphery of thepteve field more widely than ‘on’

responses (Fig. 8a).

Discussion

Identity of the populations of medulla and lobul&urones with response maps
characteristic of optic flow neurones.

A number of different classes of visually resporsineurone, including sustaining fibres,
dimming fibres and several different types of moeetrfibres, have been identified within
the optic nerves of a variety of decapod crustaxésaee Wiersmat al., 1982 for a review).
Each of these categories can be subdivided on dbes lof the size and location of the
neurone’s excitatory receptive field, in some cadesvn to the level of individual
physiologically identifiable neurones. Subsequeotk on crayfish, based on intracellular
recordings, has begun to give us insights into rikaral circuitry of the optic tract
(reviewed by Glantz and Miller, 2001). A more cdetp picture is emerging from recent
work on the crabChasmagnathusThis includes a thorough histological study based o
silver staining of neurones (Sztarketr al, 2005; 2009), and a detailed analysis of the
different properties of lobular neurones involvedeiscape responses to looming stimuli
(Berdn de Astrada and Tomsic, 2002; Me@aml, 2007; Olivaet al, 2007; Sztarker and
Tomsic, 2008), several of which show a form of iéag related to habituation (Tomsat
al., 2003). Yet none of this work refers to the teiptic flow’; nor have stimuli
appropriate for the identification of neurones aine optic flow been used. It is clearly of

interest to see how our work fits into this picture

In crayfish, a class of visual interneurone knownsaistaining fibres’, initially called tonic

“on” neurones by Wiersma and Yamaguchi (1966, 196aye their main dendritic tree in
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the medulla (Kirket al, 1982) and respond to a light pulse with a pt@asotdischarge that
persists for the duration of the stimulus and ikofed by an inhibitory “off” response
(Kirk et al, 1983; Pfeiffer and Glantz, 1989). They are tddally directionally selective
to movement (Glantet al, 1995). Similar responses to light have beewrdad from
sustaining fibres in crabs (Beron de Astratial, 2001; 2009). It seems quite clear that
the class of neurones we have been recording fnathiave their dendritic arborisations in
the medulla are sustaining fibres. The locationth& dendritic tree (Fig. 7a) and the
response to light pulses (Fig. 9a) are identicalhtwse described above for such fibres.
Additionally, our evidence that there are a numifethese neurones, with receptive fields
that together cover the whole visual field of thelg is compatible with the 14 members of
the sustaining fibre ensemble identified by Ketkal (1983).

We can be equally sure of the identity of the sdagnmoup of optic flow sensitive neurones,
those having their main dendritic arborisationhe tobula (or internal medulla to use the
older nomenclature). From their responses to mewenit is clear that these neurones
belong to the class of fibres called movement &dog Wiersmeet al, (1982). In their
early work, the Tomsic group called such fibres pmaent detector neurones or simply
MDNSs (Berdn de Astrada and Tomsic, 2002; Tongtial, 2003). The histological work
of Sztarkeret al., (2005) demonstrated that MDNs were not a singleptmaogical cell
type, for intracellular staining revealed two maofdgical subtypes, with dendrites
restricted to a single stratum of the lobula (maratdied) or spread over two strata
(bistratified). Each of these types can be furthdrdivided according to the size of their
receptive fields, which is around 90° (type 1) verl80° (type 2). We thus end up with 4
morphological types (M1, M2, B1, B2) according tdiv@ et al (2007), but renamed
mono- and bistratified lobular giants 1 and 2 (ML®ILG2, BLG1 and BLG2) by Medan
et al, (2007). As well as their strong responses tallsrmoving stimuli, they are
characterized by a response to a light pulse thraists of brief excitatory responses (often
just a single spike) at ‘on’ and ‘off’ (Medaet al, 2007). The response to movement, the
location of the main dendritic arborisations in thleula and the characteristic response to a
light pulse (Fig. 9b) indicate that the lobular renes we have been recording from are
lobular giant neurones. Since we see dendritésatesl to a single plane (Fig. 7c,e), they

16



are monostratified lobular giants. The majority @fir recordings are from MLG1
neurones, since they have receptive fields coveabayt 90° of arc (Fig. 7d) with different
neurones covering different parts of the visualdfie Medanet al, (2007) identify 14

neurones in this category. On a few occasionsyagerded from neurones with much
larger receptive fields (Fig. 7f), where the detefricovered the full width of the lobula
(Fig. 7e). These are clearly MLG2 neurones. Meslaal suspect that there is only one

neurone of this type, a conclusion with which weag.

Are these populations of medulla and lobula neusatetectors of translational optic flow?
The methodology used here involved determiningllogation sensitivity at 56 different
points in the visual field. The resulting LPDs wehen used to compile a response map
representing the neurone’s global motion sensjtiviThe over-riding advantage of this
method over other stimuli that stimulate the whoteeptive field at once is that the
experimenter does not have to pre-judge the neigoesponse pattern in order to provide
an appropriate stimulus. The response patternthehét is to translational optic flow,
rotational optic flow, looming, or any other kind eotion-sensitivity, makes itself
apparent when compilation of the map of LPDs andSkMs complete. This method has
successfully been used to analyse neurones sensatioptic flow in the blowfly’s lobula
plate (Krapp and Hengtstenberg, 1996; Krapml., 1998). These blowfly neurones also
respond to global stimuli (Karmeiet al, 2003), and, when viewing panoramic virtual
reality stimuli that take account of the saccadiad movements of the fly during flight,
show responses to translational optic flow (Kethal, 2005). On the basis of the
performance of a simple model, the cyberfly, thegyneven play a role in obstacle
avoidance (Lindemanet al, 2008).

The response maps we have obtained by the usesodnhlysis are just what you would
expect of neurones responsive to optic flow (F@). 1Although we have not recorded from
neurones sensitive to rotational optic flow (Fi@a), such neurones must exist as crabs
show powerful optokinetic responses to rotatiom striped drum around the animal and to
body turns (Barnes, 1990; Paetl al, 1998). The response maps of our populations of
lobula and medulla neurones are, however, an @xtefthatch to the patterns expected
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from neurones sensitive to translational optic flo@ur population of lamina neurones are
a good match to the pattern of vectors of an amhiog scene (compare Figs 8a,b with
Fig. 10b), while medulla neurones are a similarypd match to the vector pattern of a
receding scene (compare Figs 8c,d with Fig. 100).each case there is a central pole,
which is a FOE in the case of neurones sensititke¢@pproaching scene and a FOC in the
case of neurones sensitive to the receding sc8uneh poles would provide the crab with

good visual information about its direction of tehv

LPDs are robust, being relatively insensitive tarades in the velocity of movement, of the
method used to compile them (circular or lineariomtand of the shape of the stimulus
object. Response maps are similarly robust (F&. 6We are thus confident that the
response maps of these populations of medulla@ndd neurones are truly representative
of the neurones’ global motion sensitivity. HoweJeefore we can be sure that they are
indeed optic flow neurones, it is necessary to shiwat they respond to the appropriate
global stimuli. Our preliminary experiments hawsldd to do this (data not shown).
Perhaps this is not surprising. All the data asialyvas carried out off-line, so that the
properties of the neurone, its receptive field #mel pole of the flow field only revealed
themselves long after the experiment was over. sTime likelihood of presenting the
correct global stimulus at the right location withthe eye’s field of view was relatively

low.

An alternative possibility, for the lobula neuror@dy, is that they are neurones sensitive
to looming and would trigger the crab’s escape gasp as has been shown in the crab,
Chasmagnathuésee e.g. Sztarker and Tomsic, 2008). This pitisgibannot be excluded,
since looming neurones might be expected to prodesgonse maps rather similar to those
of translational optic flow. HoweverCarcinus has a very different way of life to
Chasmagnathuslit remains hidden when the tide is low, and swl not be subject to the
same predation risks a&hasmagnathysa semi-terrestrial crab at constant risk from
predation by seabirds (Bachmann and Martinez, 1@@@ello and Favero, 2001). Unlike
Chasmagnathubbula neurones, those Garcinusdo not show strong habituation, which
is an important feature of neurones that elicipsc Indeed, there is good evidence that,
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while different crab species (and different decapitda lesser extent) do have homologous
neurones, such neurones may become specialisediffienent functions according to the
way of life of the species (Sztarketr al, 2005; 2009). It is also worth pointing out tlaat
well-studied looming neurone in locusts, the lobgiant movement detector (LGMD) is
not directionally selective (Krapp and GabbianiQ2)) so that looming detection and optic
flow processing are not necessarily linked.

Studies of the eye movements of freely moving crd@ernes, 1990; Pawdt al, 1990;
1998) also lead us to expect that neurones semsditranslational optic flow should exist,
for crabs separate the rotational and translaticoaiponents of their optic flow field as
they move about their environment. They do thisubyng eye movements to compensate
for the rotational component of their path by aietyr of mechanisms (see Barnes and
Nalbach, 1993; Kermt al, 1993; Blankeet al, 1997 for details). Since combinations of
translation and rotation defy easy analysis, vignamly the translational component of
optic flow makes available the information it can& including locomotor performance
and the relative positions and distances of objecthe external world (Eckert and Zeil,
2001).

Possible function of these neurones

Given that crabs have 360° vision and predominamdlik sideways, having two classes of
neurone, one responding to the approaching wdrkpther to the receding world, makes
good sense. It doubles the amount of informath@t you receive and can use in a variety
of ways. Indeed, as discussed in mathematicalstéaryynDahmeret al, (2001), the best
estimates of egomotion are obtained with wide fieédirones with opposite directions of
view. As hypothesized by Gibson (1986), the infation can be used to estimate your
velocity and distance travelled, to give you distamnformation by motion parallax, and
assist in maintaining a heading. Which of thesssjimlities are likely to be of relevance to
crabs? Recent research has demonstrated the anperbf translational optic flow in
estimating distance flown in flying insects (Sriaanet al, 2000; Esclet al, 2001; Dacke
and Srinivasan, 2008; Shafir and Barron, 2010), thete is little evidence that land
arthropods estimate distance travelled using djtiw (Ronacheret al, 2000). Desert

19



ants, whose homing behaviour has been intensivetires! in recent years (e.g. Merkle and
Wehner, 2010), use stride integration (summingnaividual stride lengths) to estimate
distance covered (Wittlingest al, 2006; 2007). Turning to crustaceans, fiddlexbsr
certainly use optomotor responses (generated laional optic flow) to compensate for
deviations from their intended path (Layeé al, 1999) but, like ants, judge distance
travelled by flexible stride integration (Laymee al., 2003a,b; Walls and Layne, 2009a,b).
Homing, however, needs you to know direction ad wasgldistance, and recent evidence
suggests that maintenance of eye/burrow angle (evem the actual burrow is no longer
visible to the crab) is critical to this (Layne, 08) Layne, Barnes and Dzwonczyk,
unpublished observations). By doing so, the dimeed component of the home vector
becomes a retinal location. If this angle is nameéd during an excursion from the
burrow, then keeping the retinal location of theneovector at the FOE during homing will
ensure that home is reached. Retinal locatiorisis key to both predator identification
(Layne, 1998) and burrow defence (Hemmi and Z&lD3&,b). A possible role for this
sophisticated system for the detection of transjatmptic flow might thus be in the
maintenance of a heading. Having the largest vectear to the pole of the flow field as
exhibited by the response maps illustrated in R8gsd would help in this, though it must
be remembered that the highest velocities of appan®vement lie at right angles to the
direction of travel (at least for objects equiddtirom the eye). Indeed, our results are the
opposite of what is found in the blowfly (Kragp al, 1998), where FOEs are surrounded
by small vectors. Could it be that the slower imagotion (walking rather than flying) is
compensated for by increased motion sensitivityis Btrategy relies on a high signal to
noise ratio, i.e. that the flow vectors are smalt beliable. This is reasonable since
compensatory eye movements effectively counterbet small rotational components

inherent in the somewhat lurching gait of crabsr{iga, 1990).

Directions for future work

These experiments were difficult to perform, andchatill requires to be done. But, with
benefit of hindsight, we suspect that @arcinuspreparation was not the best preparation
to have chosen. The Tomsic group has clearly ifileshia much better method for carrying
out such experiments, but whether it works as weil Carcinus as it does for
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Chasmagnathuszmains to be investigated. An obvious open dquess the way in which
the neurones respond to global stimuli. HowewNem-line data analysis were possible so
that the response map was constructed while siling a microelectrode in the cell, it
would be much easier to choose an appropriate gtimaulus. A second question is the
extent that we have arrays of such cells with patedifferent azimuth angles. Sztarletr

al (2005, 2009) have now done the anatomy, so futordx can build up a picture of the
arrays of cells specialized for sensing translaiiooptic flow and the extent that they
interact with each other, perhaps by electricalapges, as do neurones with similar
properties in flies (Haag and Borst, 2005). Finan obvious gap in our knowledge is the
properties of neurones in the lobula plate of ¢graldich may be homologous to that of
insects (Strausfeld, 2005), the area where ingaat iow neurons are found (Krapgt al.,
1998).
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FIGURE LEGENDS

Fig. 1. The set-up for visual stimulation and intracellutecording shown schematically.
For simplicity one computer is shown as controllthg visual stimulus either on the right
or the left screen via a switch. In practice tveonputers were used, one controlling each
projector. (see Methods for further details). ligurrent injection monitor; Vm,
intracellular recorded membrane potential; Xposp¥,pX and Y coordinates of visual

stimulus.

Fig. 2. a, Diagram showing the angular coverage of one scréetersections on the 8x7
grid mark the standardised screen coordinates iahvitcal motion stimuli were presented.
b-f Images of the most commonly used local stimh)iThe stimulus used to search for
motion-sensitive neurones and estimate their reaefields was a white disk (diameter
30mm) moved over a black background using the céenpmouse. ¢, Receptive fields
were further characterised from responses to difigswhite disk (diameter 30 mm) at
each test locusd, Responses to linear motion at a range of angéee tested with a white
disk (diameter 22 mm) or bar (38 x 9 mm) movingtal fro. The monitor trace indicates
stimulus amplitude and timinge, The ‘flat screen’ rotating stimulus was a whitiskd
(diameter 20 mm) moving at constant angular vejaaita circle of diameter 36 mm. On
each trial, the disk rotated anti-clockwise, théwckwise for an equal number of cycles.
The stimulus was then moved to another part oktneen Since the eye was closer to the
centre than to the edges of the screen, the andjtersded at the eye by stimuli b-e
depended upon screen location. Mean values wérod® and c, 7.4° or 12.4° x 4° for d,
and 6.6° in a circle of 12° for €, In later experiments we used a rotation progrhat t
predistorted the image so that, from the crab’svp@nt, the path and shape of the target
remained circular, and the angular velocity appkarenstant despite the effects of
perspective. From the viewpoint of the experimentiee target and its path appeared

elliptical near the edges of the screen.

Fig. 3. Using a rotating disk to determine local motiefestivity. a,b, Example responses

recorded from an interneurone with its dendritibagisation in the medulla of the right
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optic lobe to 8 cycles of anti-clockwig@) and clockwise i) movement of the ‘pre-
distorted’ rotating disk stimulus (see Fig. 2f), cgcle period; dp, disk position; ec, event
channel showing timing of nerve impulses recordedhe intracellular recording (Vm).
c,d, Phase diagrams of the cumulated response teclankwise (Aclk) and clockwise
(Clk) motion over 8 cycles in each direction. Egtbt shows the mean vector (mv) and
vector length r (r is a measure of concentrationualihe mean direction (Batschelet,
1981)). e, The response to clockwise motion is reversed drabe shifted by 180°, the
transformation required to make the sequence ofomatirections the same as that in the
phase plot for anti-clockwise motion. Clearly, ti@sponse curves for anti-clockwise and
clockwise motion still do not match. This is besauthe response to anti-clockwise
includes a phase lag due to the latency and temfilbeaing characteristics of the visual
system, whereas the clockwise data is phase advdmcdhe same amount due to the
transformation carried out in (e)f, The local preferred direction of motion (LPD) is
derived by rotating the anticlockwise and clockwdsstributions in the direction shown by
the curved arrows in ¢ and e until the mean veaogsaligned. This mean vector points to
the position in an anti-clockwise cycle at whicle theurone responded maximally. The
direction of motion at that position is 90° phadganced (arrow). The bin size for plots c-
fis 5°.

Fig. 4. Using straight-line motion to determine local motselectivity.a, A white disk is
moved at constant velocity back and forth acrossdihmeter of a circle, each movement
being followed by a pause (see Fig. 2d). 4 sweed different orientations, 30° apart
were carried out at selected points in the celseptive fields. b, Example response
recorded from an interneurone with its dendritibagisation in the medulla of the right
optic lobe (lower trace) to a sweep of straighélmotion at 0° followed by a sweep at 180°
(upper trace).c) Accumulated spike counts for each motion direcijbistograms) were
used to compile the polar plots, while the LPD qafy was derived from this by circular
statistics (Batschelet, 1981). The line undernesth histogram indicates the time and
duration of the disk movement. imp., nerve impulsas, mean vector; r, concentration

parameter.
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Fig. 5. Effect of stimulus type and period on LPDa, Polar phase diagrams showing
number of impulses fired in response to a disktimgeat various speeds (cp, cycle period),
as a function of motion direction. The estimatd.BD is virtually independent of rotation
speed within the range tested although the streofythe directionality (value of r) may
vary. Data from an interneurone with its termiraborisation in the medulla.b,
Comparison of LPD derived from rotation with tharided at the same screen position
from linear motion stimuli (Fig. 2d) at three diféat screen locations. In each case, the
phase plot for rotation is on the left, that fordar motion on the right. As in (a) the phase
plots for rotational stimuli have been advanced96§ so that the vector indicates LPD
directly. c) Effect of target shape and cycle period on locafgred direction. Target
shapes tested were a white annulus, disk, bar alaltiee pattern consisting of two

horizontal and two vertical bars.

Fig. 6. a,b, Responses recorded from an interneurone withemsligtic arborisation in the
medulla of the right optic lobe to 8 cycles of arltickwise and clockwise movement of the
rotating disk stimulus (see Fig. 2e) at two poiB@ apart in azimuth. Note periods of
inhibition following the bursts of spikes (arrowg,d, Polar plots of the combined response
to anti-clockwise and clockwise motion over 8 cgcle each direction. Each plot shows
the mean vector with vector length (r), phase stifio that the vectors represent the local
preferred directions of movement selectivity (LPDJhese two vectors are indicated by
asterisks on the response map.Response map. Arrows represent vectors showmg th
direction and strength of local preferred directmnmovement selectivity (LPD). The
figure shows three sets of vectors derived frorh Staeen rotational stimuli (green), pre-
distorted rotational stimuli, i.e. of constant sem@d angular velocity irrespective of screen
position (black), and those derived from straighe Imotion (red). Note clear focus of
contraction (FOC) at about 45° right of frontalaat elevation of 25° below the hozizon.
spikes, neurone firing frequency; Trig RS, triggeuints (right screen); Ypos, Y axis

position of disk; Vin, intracellular recording.

Fig. 7. Examples of Lucifer Yellow fills of identified wid&eld visual interneurones and

their response mapsa,b, Interneurone with its dendritic tree in the medudf the right
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optic lobe (a) and its response map (b) showinigar ¢&OC (*). c,d, Interneurone with its
dendritic field in the lobula of the right opticde (c) and its response map (d) showing a
clear FOE (*). e,f, Interneurone with its dendritic field covering thil width of the lobula

of the right optic lobe (e) and its response mastibwing a clear FOE (*). la, lamina; lo,

lobula; I.p., lateral protocerebrum; me, medullas. coptic nerve; s.g., sinus gland.

Fig. 8. Directionality of response maps of lobula and mkduhterneurones. a,b,
Response maps of two neurones recorded in thedaifuhe right optic lobe of the same
preparation. Both cells show motion sensitivityhwa FOE (*) at about 40° to the right of
frontal (a) and about 75° to the right of fronth).( In both cases the neurones would be
excited when the crab translated in the directibtheir respective foci of expansion. The
red oval in (a) shows the part of the receptivédfiwhere ‘on’ responses occurred in
response to a flash of light, whereas the greehshaws the extent of ‘off responses to a
flash of light. c,d, Response maps of two neurones recorded in the llaezfuthe right
optic lobe of a different preparation. Both cell®ow motion sensitivity with a FOC (*) at
about 35° to the right of frontal (c) and about @0the right of frontal (d). These neurones
would be excited when the crab translated in actdor 180° away from their respective
FOCs.

Fig. 9. Responses of medulla and lobula interneuronesflashing target (Fig. 2c).a,
phaso-tonic response of a medulla cdll, on/off response of a lobula cell. inten, light
flash intensity; spikes’s neurone firing frequency; Vin, intracellular reding.

Fig. 10. a-c. Optic flow fields resulting from rotation (turnih@nd translation (straight-
line movements) in an animal with 360° visioa, Animal rotates anticlockwise about its
vertical axis. b,c. Animal translates; optic flow patterns seen bytpaf the eye that are
facing the direction of locomotion are shown inplyts of the eye that are facing in the
opposite direction in c. In all cases, the arraas velocity vectors representing the
apparent movement of objects in the environmemthése simulations, all objects seen are

equidistant from the eye. (b and c redrawn from d@n Berg, 2000).
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