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Summary

It is proposed that polarization sensitivity at the most
peripheral stages of the crayfish visual system (lamina
ganglionaris and medulla externa) is used to enhance
contrast and thus may contribute to motion detection in
low contrast environments. The four classes of visual
interneurons that exhibit polarization sensitivity (lamina
monopolar cells, tangential cells, sustaining fibers and
dimming fibers) are not sensitive exclusively to polarized
light but also respond to unpolarized contrast stimuli.
Furthermore, many of these cells and the sustaining
fibers in particular exhibit a greater differential e-vector
responsiveness to a changing e-vector than to e-vector

Because the sustaining fibers exhibit polarization
sensitivity, and they provide afferent input to a subset of
optomotor neurons, the latter were also tested for
polarization sensitivity. The optomotor neurons involved
in compensatory reflexes for body pitch were differentially
sensitive to the e-vector angle of a flash of light, with
maximum responses for e-vectors near the vertical. The
motor neurons also exhibited a maximum response near
the vertical e-vector to a continuously rotating polarizer.
Two scenarios are described in which the sensitivity to a
changing e-vector can produce motion responses in the
absence of intensity contrast.

variations among steady-state stimuli. While all four cell

types respond modestly to light flashes at an e-vector of
90° to the preferred orientation, the dynamic response to
a changing e-vector is small or absent at this orientation.

Key words: Polarization sensitivity, e-vector, crustacean, vision,
interneuron, contrast sensitivity, oculomotor system.

Introduction

The capacity to detect polarized light is a prominent featurenotion vision is established in the lamina ganglionaris (first
of many arthropods as a consequence of the structure of theisual neuropile) (Glantz and Bartels, 1994) at the primary
rhabdomeric photoreceptors (Waterman, 1984). Behavioraiisual synapse.
studies provide convincing evidence that bees and ants useln the last few years, studies in the crayfish lamina (Glantz,
polarized skylight as a celestial compass for navigatiorl996a) and medulla externa (second visual neuropile) (Glantz,
(Wehner, 1989; Wehner, 2001). Although there is som@&996b; Glantz and Mclsaac, 1998) have revealed significant
evidence to support a similar function in crustacea (Herrnkindqolarization sensitivity in four neuronal classes that form
1972; Waterman, 1984), the evidence is less completéhe most peripheral stages of information processing in the
Neurophysiological studies in crayfish however (Glantzyisual pathway. None of the cells examined is exclusively
19964, Glantz, 1996b; Glantz and Mclsaac, 1998) suggest thablarization-sensitive, and the polarization-relevant signal
polarization sensitivity can support motion vision underis confounded with the signals of normal contrast vision
circumstances in which intensity contrast is minimal orthroughout the system. A possible explanation of these results
absent. is that polarization sensitivity in the early stages of the visual

Motion detection is a critical feature of decapod visualpathway may enhance contrast where intensity differences
systems. Behavioral studies indicate motion sensitivityare absent (Leggett, 1976; Bernard and Wehner, 1977).
spanning a velocity range of at least four orders ofFurthermore, since the polarization-related response is
magnitude. Thus optomotor reflexes track a global motion a&nhanced by a changing e-vector in at least some of these cells
0.005°s1 (Sandeman, 1977) while the defense reflexalso found in crabs; Leggett, 1976), it is possible that crayfish
exhibits coordinated responses at stimulus velocities of upse polarization sensitivity as a mechanism of increasing
to 50°st (Glantz, 1974). A corresponding wealth of temporal contrast sensitivity (e.g. responsiveness to a local
motion-sensitive interneurons have been described in théme-varying signal intensity). Because temporal contrast is
decapod optic tract (Wiersma and Yamaguchi, 1966the foundation of all motion vision, this perspective places
Wiersma and York, 1972; Wiersma et al., 1982) and studiesrayfish polarization within the context of movement
of lamina monopolar neurons suggest that a foundation fatetection.
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Results A

The principal observation supporting this temporal contras
hypothesis is that many of the polarization-sensitive neuror
are more responsive to transient stimuli or to time-varying
contrasts than to steady-state stimuli. As a consequence, 1 Ll
differential responsiveness to variations in e-vector orientatio ImVi—Z2
is substantially greater for a changing e-vector than fo MJ\MJ\,\ N M’\M\MJ\JUM\,MMJ\MMJ‘\J@LMAN L
stationary e-vectors. The heightened sensitivity to dynami A ¢ A ¢
stimuli begins with some of the lamina monopolar cells
(LMCs), as shown in Fig. 1. In crayfish, as in most arthropods
photoreceptors exhibit depolarizations to incremental stimu
which, in turn, elicit hyperpolarizing responses in the LMC,
via a sign-inverting synapse. The photoreceptors (R1-R7) a
selectively responsive to either vertical (i.e. parallel to the
dorsoventral axis of the crayfish) or horizontal e-vector angle: W
and anatomical studies (Nassel and Waterman, 1977) sugg f | L
that the same selectivity should be seen in approximately 40 —
of the LMCs.

Lamina monopolar neurons C 2mv \___

Fig. 1A shows a succession of transient ON response
(upper trace) as the polarizer is rotated through three cycles
180°. For e-vectors near the vertical (largest pulses in tr
bottom trace, arrows) the response is approximai¢lg mV, _I———/\/\/W——L__
and for the horizontal e-vector (arrOW.hea'dS) the response IIZT 1. Transient and dynamic polarization sensitivity in a lamina
gpprOXImater—l.S mV. Thus, th.e polarization response rffjltlomgcgmopolar neuron. (A); Hype?polarizing response)fs of lamina
is 3.5:1. For all LMCs examined at low (nonsaturating)

. . . . . ] monopolar neurons (LMCs) to successive 0.2s flashes of polarized
intensities, the response ratios varied from 8:1 to 2:1, and ﬂlight at 1s1 as the polarizer rotates through 540°. The lower trace is

average ratio was 4.5:1 (Glantz, 1996a). Sensitivity ratios Welhe response of a photodiode, which captures a small fraction of the
measured from the ratios of light intensities required for equistimulus signal from behind a vertically oriented polarizer. The
magnitude responses for 19 LMCs. The polarization sensitivitlargest pulses on the lower trace (arrows) indicate vertical
for these cells was 4.5+2.4 (meanssb.) (Glantz, 1996a). polarization =0°) and the smallest pulses (arrowheads) indicate
Similar results were also obtained for the photoreceptors anhorizontal polarization=90 °). Because the photodiode response is
but for a subset of tangential neurons, a similar result wehighly nonlinear, the amplitudes indicated in the stimulus trace do
obtained for all of the other cells considered here (GIantznOt reflect the correct intensity of the vertical e-vector in this or any
1996b: Glantz and Mclsaac, 1998). For photoreceptors arf the figures. (B) Response of the same LMC (upper trace) to a

LMCs the polarization sensitivity is independent of mearChanging e-vector (at the same intensity as in A) produced by a
intensity over a wide intensity range rotating polarizer. The stimulus light comes on at the left of the panel

. (t=2.0s) and polarizer rotation commences 5.5s later. The peaks and
Fig. 1B shows the response of the same cell to troughs of the lower trace indicate polarization angles of 0° (vertical)
continuously changing e-vector (produced by rotating ¢nd 90° (horizontal), respectively. The dashed line corresponds to
polarizer). Again, the maximum hyperpolarization occurs wittthe membrane resting potential of the LMC (modified from Glantz,
the polarizer near the vertical orientation. When the polarize1996a). (C) Response of a different LMC to a rotating polarizer with
rotates to the horizontal orientation, however, the membrarsteady-state exposureséat90 ° at the left of the panel afig10° at
potential returns to the resting level (dashed line). Thithe right. Note the very modest differences between the two steady-
polarization response ratio for orthogonal e-vectors is infiniteState responses compared with the response to the same two e-

In most circumstances, visual interneurons exhibit ¢vectors during polarizer rotation.
nonlinear relationship between stimulus intensity and respon:
magnitude. An important exception occurs in a number olinear with contrast [nax—!min)/(Imasxt!min), wherelmaxandlmin
systems, however, when the intensity or contrast is modulatede the maximum and minimum intensities respectively] for
about a constant mean level. Systems as diverse as cat retioahtrasts of 0 to 0.7 (Glantz and Bartels, 1994). When a rotating
ganglion cells (Enroth-Cugell et al., 1983), catfish horizontapolarizer is viewed through an analyzer (e.g. a photoreceptor),
cells (Krausz and Naka, 1980) ahdnulus eccentric cells the output signal is similar to the response to a modulated
(Knight et al., 1970) exhibit linear behavior under thesentensity at the same mean intensity. In the case of an LMC
circumstances. The mean intensity, which is also an adaptimperating within its linear response range, the mean polarization
light, has the effect of linearizing the response about the meaensitivity ratio (4.5) is equivalent to an intensity modulation of
intensity. The LMC response to a drifting sine wave grating i9.63 [(4.51)/(4.5+1)], which is within the linear range of the
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LMC. In keeping with the notion that the LMC response to ay an increment of illumination, and may exhibit a depolarizing
rotating polarizer resembles the contrast sensitivity to a timeéFF response accompanied by membrane potential oscillations.
varying intensity, it was observed that the potential oscillatiorin Fig. 2A, a stationary flash at a horizontal e-vector elicits a
elicited by a rotating polarizer was independent of the mealarge 9mV) hyperpolarizing ON response and small
intensity from 1& threshold to 308 threshold. (+1.5mV) OFF response. Conversely, a flash of vertically
A distinctive feature of the LMC (and photoreceptor)polarized light elicits a small-2.5mV) ON response and a
polarization response functions is that they are approximatelpuch larger (+7mV) OFF response. The depolarizing OFF
described by c@9Bmax-6), where8 is the e-vector angle and response is transient. It is only observed with illumination
Bmaxis the optimum e-vector angle. The #function describes  decrements or, as shown below, as the e-vector rotates towards
the transmittance of a perfect dichroic analyzer to a continuoustiie vertical. The data suggest that the ON and OFF response
rotating e-vector. It varies from 0 to 1.0, and has a period ahechanisms are driven by orthogonal e-vector orientations. This
180°. The modulation of membrane potential in Fig. 1B idfollows from the fact that flashes of horizontally polarized light
approximately described by &8s The principle deviation is the elicit maximal ON responses and minimal OFF responses, and
saturation of the LMC signal as it approaches the restingice versa for the flashes of vertically polarized light. The
potential. The adherence to éddmplies that the responses are opponency implied by responses such as those shown in Fig. 2A
linearly related to the quantum catch of the photopigment. is expressed over at least a 1000-fold range of stimulus
The steady-state responsiveness to e-vector variations wiagensities (Glantz, 1996b). When the same cell is subjected to
assessed with a rotating polarizer that was stopped (for up #ocontinuously changing e-vector, as in Fig. 2B, the membrane
5.05s) at different e-vector angles. Fig. 1C shows a typical resupotential appears to jump back and forth between two discrete
The shutter was opened with the polarizer at the horizontglotentials, hyperpolarized for a fraction of the cycle Be&0 °
orientation and the cell was permitted to reach a steady-staded depolarized for a comparable fraction n@a®°. The
potential. After several stimulus cycles, polarizer rotation wasransitions are very rapid and quite distinct from the
stopped at a different e-vector angle. During the rotation, it isontinuously graded cé& functions shown by LMCs and
clear that the horizontal e-vector is associated with a moneceptors. The rapid transitions suggest that, over a limited range
depolarized membrane potential than that obtained at the samige-vectors, the cell exhibits a relatively high e-vector resolution
e-vector during the initial exposure. While the steady-stat@\V/AB, whereAV is the change in membrane potential) when
responses at the start and end of the stimulus presentatioompared with a c88 function.
differed by only 0.4 mV, the difference in response to the same In contrast to the LMCs, Tanl neurons exhibit large, steady-
e-vectors during rotation was 1.80+0.17mV. Similar resultstate hyperpolarizing responses to increments of illumination,

were obtained in 4 of 5 cells so tested. and their differential e-vector responsiveness is comparable to
_ that of the transient response. In Fig. 2B, the polarizer rotation
Tangential cells was stopped (near the center of the panel) to assess the steady-

The polarization responses of higher-order neurons differ iatate response near the vertical e-vector. During this period, the
two respects from those of LMCs. Some of the cells reveahembrane potential declined from +3 telmV. The
evidence of e-vector opponency, and most 0"
polarization response profiles differ markedly fi
co§6 functions. o 5 my

Fig. 2 shows examples of polarization respo l__
from a tangential cell (Tanl). Tanl neurons | 2.8
dendrites in the medulla externa (second
neuropile) and project their axons back to the lar A A A A A AN AN A AR A A A A A A
Tanl has a graded visual response; hyperpol: B

Fig. 2. Transient and djamic responses of a tangential 5mV‘L__
neuron (Tanl) to polarized light at varied e-vector 5s
orientations. (A) Tangential cell responses (top trace) to
0.2s flashes (at 0.5% of polarized light at varied e-
vector angles. The lower trace indicates stimulus timing
and e-vector orientation (as described in Fig. 1).

(B) Response of the same tangential cell to a changing 5
e-vector. The stimulus light (lower trace) comes on %
t=1.0s and two cycles of polarizer rotation are separated 0
by a steady-state exposure of 9s (modified from Glanfgﬁ, 5t
1996b). (C) Comparison of the steady-state (solid lin
and dynamic (broken line) responses as a function ofte-_ 1L ! ; ! L L ) L i ;
vector angle. Vertical bars are + k@.m. Each point is 0 20 40 60 80 100 RO 140 160 180 200
the mean of five observations. e-vector angle (degrees)
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depolarizing response associated with the near vertical e-vectorWhen subjected to a changing e-vector as in Fig. 3B, both the
is not sustained in the steady state. Towards the right side wfembrane potential and the impulse rate exhibit a strong
Fig. 2B, the polarizer rotation was stopped again, but at an eaodulation. Maximum impulse rates typically occur as the e-
vector associated with a large hyperpolarizing potential. In thigector approaches the vertical. The results in Fig. 3 clearly
instance, the rotation-elicited response was maintained in tleveal the enhanced expression of polarization sensitivity by
steady state. The averaged results of 20 such measurements fdymamic stimuli. Thus, in Fig. 3B, the start and end of the traces
the same cell are shown in Fig. 2C (solid line) and compareshow near steady-state responses to horizontally and vertically
with the neural response to continuous polarizer rotation (brokeolarized light, respectively, with associated impulse rates of 2.9
line). The important difference between the two functions is and 8.9 impulsesd. The steady-state polarization response ratio
distinct positive potential phase associated with the dynamiwertical to horizontal) is 3.1. With a changing e-vector, the
stimulus (and absent in the steady-state response). Ascamparable impulse rates are 2.1 and 15.7 impufsess the
consequence of this positive potential there is a larger potentiatrtical to horizontal response ratio is 7.5. Thus, a time-varying
difference in the responses to orthogonal e-vectors in thevector produces a 2.5-fold enhancement of the differential
dynamic as compared to the steady-state stimulus condition. response. Comparable measurements were made in 15 cells. In
five sustaining fibers, there was no steady-state difference in the
Sustaining fibers response to orthogonal e-vectors but a substantial response to a
The sustaining fibers are the principal output neurons of thetating e-vector. A comparable result was reported by
medulla externa. Each has an excitatory receptive field and &daterman (1984). In the remaining 10 cells the enhancement of
inhibitory surround. Their receptive field dimensions vary fromthe differential response by dynamic stimuli was a factor of
approximately 15° (at half-maximum sensitivity) to 90° and3.1+1.5 (mean %.0.). The polarization sensitivity of sustaining
there is extensive overlap of their excitatory regions. The 1flbers for stationary flashes and steps is approximately 4.8, but
sustaining fibers initially distinguished by their receptive fieldthe response modulation is much stronger with a changing e-
locations (Wiersma and Yamaguchi, 1966) also have distinstector. In many cells the discharge ceases when the e-vector
dendritic arborizations in the medulla externa. The dendritegpproaches the horizontal (as in Fig. 4A).
intersect the columnar projection of transmedullary neurons in A unique feature of the sustaining fiber polarization
areas that correspond to the receptive field in neuronal spasensitivity is that all sustaining fibers studied (48 cells
(Kirk et al., 1982). Sustaining fibers exhibit a depolarizatiorrepresenting 9 of the 14 identified sustaining fibers and with
and an impulse discharge in response to increments ofceptive fields which collectively span all of visual space)
illumination. Although the name implies a response taresponded optimally to e-vectors near the vertical. Since this
maintained illumination, the sustained response (approxopulation collectively maps the entire panoramic visual field
5-10impulsesd) is actually modest compared with the (approximately 180 % 180 °) the results imply that a subset of
transient response (200-300impuls8ssThe transient ON retinular cells, which are connected to a subset of LMCs etc.,
response is very sensitive and can easily mask the stationase uniquely wired to the dendrites of the sustaining fibers.
polarization sensitivity profile. The earliest attempts toConversely all the dimming fibers examined to date are
measure this profile in sustaining fibers were unsuccessfinthibited by the vertical e-vector (as in Fig. 4B, arrows) and
(Waterman, 1984). The polarization sensitivity to flashes aheir dynamic responses are typically maximal for e-vectors
stationary e-vector angles can be demonstrated however witiearer the horizontal.
near-threshold stimuli or with stimuli that elicit
excitatory postsynaptic potential but are subthres

for the impulse discharge (Glantz and Mcls A ,
1998). Alternatively, polarization sensitivity in 1 5mv|
steady-state response can be observed in respc ; 25s

i
stepwise changes in e-vector angle while holdin ” ,;[a ‘ LE il o
illumination constant, as in Fig. 3A. AL | L RR

Fig. 3. Sustaining fiber steady-state and dynamic _\‘“‘““L__\___ e
e

responses to polarized light at varied e-vector angles.
(A) The eye was exposed to continuous illumination and
the e-vector was changed in a stepwise manner from the
vertical (0°) at the left in four steps to horizontal (ab mV
t=25s, the lowest step on the polarization trace) and back 25s
to the vertical (modified from Glantz and Mclsaac, 1998). i ‘fiﬁi ‘J ‘ | I
(B) Sustaining fiber response to a changing e-vector. M ‘ sl ‘H | i
Polarizer rotation commences from a horizontal ‘ : | TR
orientation att=3.3s (start of the first rotation cycle) and
undergoes 4.5 cycles of 180 ° rotation. Rotation is stopped
at the vertical orientation.
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Fig. 4. Comparison of sustaining fiber and dimming fiber dynamic responses. (A) Sustaining fiber response to polarizer raattien. Not
approach of the membrane potential to the resting potential (0 mV on the ordin@tapa®aches 90° (arrowhead). (B) Dimming fiber
response to polarizer rotation. Note the hyperpolarizing inhibitory postsynaptic potentials (arrows) as the e-vector apyw oactiesl.

Optomotor neurons group of sustaining fibers. Furthermore, Okada and coworkers

Because the sustaining fibers provide synaptic input to th@®kada and Yamaguchi, 1988; Okada et al., 1994) discovered
crayfish oculomotor system (Glantz et al., 1984; Glantz andonspiking interneurons in the brain that mediate the functional
Nudelman, 1988; Okada and Yamaguchi, 1988; Okada et atpnnections between sustaining fibers and the optomotor
1994) it is possible that optomotor responses may exhibiteurons participating in the compensatory reflexes for roll. The
polarization sensitivity. Crayfish exhibit compensatoryabove findings by no means exclude other visual inputs to the
optomotor reflexes that stabilize the visual image duringpptomotor neurons (e.g. optokinetic interneurons; Sandeman,
animal movements (Schone, 1961; Neil, 1982). Body rotation977). Nevertheless, these results raise the possibility that
elicits a rotation of the eyestalk in the opposite direction. Thugspects of optomotor reflexes might exhibit polarization
if the head is pitched downward, the eyestalk rotates upwardensitivity as a consequence of their sustaining fiber inputs.
(about its long axis). The reflexes that compensate for Fig. 6 shows the response of an extracellularly recorded
perturbations in the vertical planes (pitch and roll) are driveilnead-down motoneuron to polarizer rotation at I.°Bor the
by a combination of afferents from the visual system, thenotoneuron studies, the optical axis of the visual stimulus was
statocysts (equilibrium organs) and the proprioceptors of theerpendicular to the dorsal surface of the eye so as to simulate
walking legs. The motoneurons that participate in theséght propagating downwards from the sky. Although the
reflexes were initially identified on functional grounds bydischarge pattern is not as tightly organized as that of
Wiersma and Oberjat (Wiersma and Oberjat, 1968), wheustaining fibers, it is clear that the maximum impulse rate
named the cells after the optimal excitatory stimulus (e.g. headecurs as the polarizer approaches the vertical (here aligned
down motoneuron). Subsequently, the cells were localizedith the long axis of the eyestalk). When probed with flashes
anatomically, and their structures were described by Melloof 1.0 s duration, the motoneurons typically exhibit a transient
(Mellon, 1977). Wiersma and Oberjat (Wiersma and Oberjatyurst of activity at light onset and a low-frequency discharge
1968) observed that steps and flashes of illumination in specifibereafter, as shown in Fig. 5A. Fig. 7A shows post-stimulus
areas of visual space elicited motoneuron responses thane histograms (each based upon 40 responses) of responses
generally resembled those of sustaining fibers, as shown in Fig. 1.0s flashes of polarized light at 12 e-vector orientations.
5A. These motoneuron responses are probably related to thlbe impulse frequency of the peak transient response is plotted
steady-state eyestalk displacements associated with changes#n a function of e-vector angle in Fig. 7B. The relative
the apparent direction of skylight, i.e. the dorsal light reflexsensitivity of these responses is measured by determining the
(Schone, 1961). intensities associated with the same impulse frequencies

By recording simultaneously from specific pairs ofelicited by unpolarized light (as shown in Fig. 7C). Thus, the
sustaining fibers (e.g neuron O38) and motoneurons (e.g.rasponse at an e-vector angle-8D ° requires approximately
head-down motoneuron), it is possible to show thafive times as much light (in Fig. 7C) as that at +60 °, which
motoneuron impulses are elicited at relatively high integraindicates a polarization sensitivity of 5.0. Similar
probability at 3—7ms after a sustaining fiber impulse, as imeasurements in 15 head-down motoneurons vyielded an
Fig. 5B (Glantz et al., 1984; Glantz and Nudelman, 1988)average polarization sensitivity ratio of 5.2+2.9 (measind)
Extensive cross-correlation studies suggest that the subsetasfd with Bmax between—-30° and +30° for all cells. These
optomotor neurons associated with compensation for pitch aresults are consistent with previous studies of eyestalk
monosynaptically excited by a small group of identifiedmovements elicited by polarized light in ghost crabs (Schéne
sustaining fibers and inhibited (polysynaptically) by a secondnd Schéne, 1961).
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Fig. 5. Functional interaction between sustaining fiber (SF) O38 and a head-down motoneuron (HDMN). (A) Simultaneous recording of
responses of SF 038 and an HDMN to a step increase in illumination delivered to the dorsoposterior quadrant of the \(Bya&lribsisk.
correlation histogram of SF 038 and the HDMN responses to a 5-minute exposure to continuous illumination. The ordinataliisotia c
probability of a motoneuron impulse in a 1.0 ms time bin following a sustaining fiber impulse. The abscissa is the timegHagsfrstaining

fiber impulse. The dashed line indicates the expected conditional probability of a motoneuron impulse on the basis of ritsgmatn fi
(9impulsess!) and assuming that motoneuron impulses occur at random times after a sustaining fiber impulse. The peak of the correlogram is
at +5ms and the total conduction time to and from the inferred synapse in the brain is 3—4 ms (modified from Glantz et al., 1984)

Discussion

As noted above, polarization sensitivity is confounded witt ‘
normal contrast vision throughout the system. It is unlikely or
two grounds, however, that the polarization sensitivity of thes
interneurons is an epiphenomenon which might arise from tr
structure of the retinular cells. In the lamina, two classes ¢
monopolar cells are each exclusively innervated by
photoreceptors with orthogonal e-vector sensitivities (Nasse
and Waterman, 1977) and the photoreceptor polarizatio
sensitivity is preserved in the LMC response. In the medulla  {¥ S e ean s
substantial proportion of tangential cells exhibit polarization- ‘

opponency, which requires the convergence of excitatory ar W
inhibitory synapses driven by orthogonal e-vector signals. A

the output of the medulla, the sustaining fibers are excited ar . . . . , ‘ ; . .
the dimming fibers inhibited by vertically polarized light. 0 10 20 30 40 50 60 70 8 90
Since sustaining fiber excitation is mediated by glutamat Time (s)

(Pfeiffer-Linn and Glantz, 1991) and dimming fiber inhibition

by acetylcholine (Pfeiffer and Glantz, 1989), the opposing'_:ig- 6. Head-dowr_l motoneuron response to a changing e-vector. The
actions of polarized light imply considerable specificity in thellght beam was dwegted 1o th_e dorsal S“rf"?‘ce of t.he eye. .The lower
trace monitors polarizer rotation. The maximum signal indicates an

organization of the afferent projections. All these result: : . .

. hiah d f ision in th | i e-vector orientation parallel to the long axis of the eyestalk, and the
require a high degree of precision in the heuronal Connectiol,;y;m m signal indicates an e-vector orientation parallel to the
that support polarization sensitivity. equatorial axis of the cornea. Note the tendency of the discharge rate

A second argument has implications both for and against thq peak as the e-vector orientation approaches the long axis of the
physiological relevance of polarization vision in crayfish. Theeyestalk.

magnitude of polarization sensitivity (approximately 4.5)

observed in the retinular cells and in all the neurons with th@_abhart, 1996) has shown that, in cricket polarization-
exception of a subset of Tanl cells, implies that with a higlopponent interneurons, the e-vector-dependence of the
degree of polarization and in the presence of orthogonal eesponse declines substantially as the degree of polarization is
vectors in the spatial or temporal visual scene, the system caeduced. This context raises two important questions. How
generate polarization-related signals comparable with thosggnificant is the polarization-related signal (relative to contrast
associated with normal contrast vision. If the light is onlyvision) in natural conditions? How much of a signal
partially polarized, however, or if the differences in e-vectorenhancement is necessary to provide a selective advantage for
angles among stimuli are small, it is uncertain whether ththe type of polarization detection system the crayfish appears
polarization sensitivity of most of the crayfish neurons willto have? My hunch is that even a modest gain in visual
provide a substantial enhancement to vision. Thus, Labhaperformance will suffice. It should also be noted that the
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Fig. 7. Measurement of the polarization sensitivity of a head-down motoneuron. (A) The post-stimulus time histograms rejpoesestt®1.0s
flashes at 12 e-vector angles. 0° is parallel to the long axis of the eyestalk. Each histogram indicates the firing réte span@220 ms per bin
and averaged over 40 responses. The bar beneath each histogram indicates the timing of the light flash and the numbeaabjaisngtam

is the e-vector angle in degrees. The histogram labeled 135 ° is presented for comparison. It is identical to the histbgr4B) &eak impulse

rateversuse-vector angle. (C) Peak impulse regégsusthe intensity of unpolarized illumination. Unit intensity was 1.2 m\Wam

present description of the crayfish polarization sensitivitywill transiently excite sustaining fibers or dimming fibers,
system deals with a small number of the most peripheral visudepending upon the alignment of the eyestalk and the
interneurons. The same columnar projection that synapses etationary e-vector distribution of the illumination. In this
the sustaining fibers, extends to the medulla interna where dtenario, the timing of excitation in the sustaining fibers or
innervates higher order visual interneurons. The sustainindimming fibers could provide the animal with a measure of the
fibers and dimming fibers project to both the brain and therevailing e-vector orientation of skylight. Alternatively,
medulla terminalis, which are major integrative centers in thactivity in the sustaining fibers and dimming fibers may
nervous system. In the brain the sustaining fibers haverovide a visual signal indicative of a change in body
additional targets including neurons, which descend from therientation relative to the incoming light path. This change
brain to lower motor centers (Wood and Glantz, 1980), and amgould activate a compensatory optomotor response. Because
most likely involved in visually guided behaviors other thanthe sustaining fibers directly innervate optomotor neurons
optomotor reflexes. The postsynaptic targets of the Tan{Glantz and Nudelman, 1988), they probably contribute to the
neurons, which exhibit strong polarization opponency, ar@olarization sensitivity of compensatory oculomotor reflexes.
unknown. In previous studies (Wang-Bennett and GlantZrevious studies in crabs support a modest polarization
1987) we found that hyperpolarization of Tanl with extrinsicsensitivity in these systems (Schéne and Schéne, 1961).
current indirectly excites sustaining fibers. The high In the second scenario, consider a crayfish in a somewhat
polarization sensitivity of these neurons could better supporhurky aquatic environment dominated by scattered light that
polarization detection in partially polarized light and for smallis partially polarized. The scattered light in water is principally
e-vector angle differences. horizontally polarized (Waterman, 1981), which implies that a
To consider how the crayfish might use polarizationsystem that extracts the vertical e-vector (e.g. crayfish
sensitivity | will assume that the degree of polarization issustaining fiber) should have superior underwater vision.
sufficient to elicit a polarization-related response in theFurthermore, objects that may be transparent on the basis of a
relevant neurons. It is helpful to consider two environmentspure intensity profile may still depolarize the transmitted light
one in which the illumination is partially polarized and a(Cronin et al., 1995). If such an object (e.g. an animal) were
second in which intensity contrasts might be minimal. The firsto move in this environment (and assuming that the object does
circumstance is that the crayfish rotates in the horizontal plamet reflect the same e-vector distribution as the background),
in a field of downwelling polarized light. Here, we assume thathen two patches of the crayfish visual field will transiently
the light principally strikes the dorsal part of the cornea wherexperience new e-vector distributions. The patch initially
the vertical e-vector channels are aligned with the longitudinaxposed to the object will now see the background distribution
axis of the eyestalk and the horizontal channels are alignexf e-vectors, while the newly occupied visual field patch will
with the transverse axis of the eyestalk. As the animal rotatese shaded from the background illumination. In both visual
its self-motion will induce a time-varying e-vector signal thatfield patches, there is a temporal contrast of e-vector signals
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that would maximally activate the crayfish visual system. of convergent visual inputs in an oculomotor reflex pathway.

Because each retinal patch is subserved by sustaining fibergleurophysiol52, 1213-1225. . _
Herrnkind, W. F. (1972). Orientation in shore-living arthropods especially

and dimming fibers _aCting_ in parallel, the sys_tem only reqUire_S the sand fiddler crab. IBehavior of Marine Animalgéed. H. E. Winn and
that the e-vector orientations change over time. The capacitys. L. Olla), pp. 1-59. New York: Plenum.

. . . . . fibers. |. Morphological representation of visual receptive fields in the
Thus, if the net effect of object motion is to increase the go o4 optic neuropild. Comp. Physiol. A46 175-179.

preponderance of horizontally oriented e-vectors, it willknight, B. W., Toyoda, J.-I. and Dodge, F. A.(1970). A quantitative
activate the appropriate dimming fibers and silence the description of the dynamics of excitation and inhibition in the eye of

. . . . Limulus. J. Gen Physiok6, 421-437.
correspondlng sustaining fibers. A shift toward aKrausz, H. I. and Naka, K.-I. (1980). Spatiotemporal testing and modeling

preponderance of vertical e-vectors will have the reverse of catfish retinal neuron&iophys. J29, 13-36.
effect. In either case, the location of a moving object is detectdd@bhart, T. (1988). Polarization-opponent interneurons in the insect visual

; ; ; . _system.Nature331,435—-437.
in the absence of an intensity contrast. The response L'§bhart, T. (1996). How polarization-sensitive interneurones of crickets

analogous to movement perception in a visual environment perform at low degrees of polarizatiah.Exp. Biol.199, 1467—1475.
defined by spectral differences in the absence of intensityggett, L. M. W. (1976). Polarized light-sensitive interneurons in a

swimming crabNature262, 709-711.
contrast (Bernard and Wehner, 1977). Mellon, DeF. (1977). The anatomy and motor nerve distribution of the eye

muscles in the crayfisd. Comp. Physiol. A21, 349-366.
Conclusion Nassel, D. and Waterman, T.(1977). Golgi EM evidence for visual
information channeling in crayfislamina ganglionaris. Brain Resl30,
Evidence is presented for polarization sensitivity in several 556-563.

; ; ; il, D. M. (1982). Compensatory eye movements. Tihe Biology of
classes of visual interneurons and in one type of c)ptomOt(l)\iBCrustaceaNeural Integration and Behaviok/ol. 4. (ed. D. C. Sandeman

neuron. In some of the visual interneurons the differential - and H. L. Atwood), pp. 133-163. New York: Academic Press.
vector sensitivity is enhanced by temporal variations in e©kada, Y. and Yamaguchi, T.(1988). Nonspiking giant interneurons in the

vector. In tangential cells, the difference in absolute membraneS@yfish brain: Morphological and physiological characteristics of the
' neurons postsynaptic to visual interneurods.Comp. Physiol. Al62,

potentials associated with orthogonal e-vectors is enhanced by;g5_714.
an e-vector that changes over time. In sustaining fibers, thgkada, Y., Furudate, H. and Yamaguchi, T(1994). Multimodal responses

differential responsiveness to orthogonal e-vectors is increasecgfmégfnbg‘?ﬂzpcig’r‘lgi %iaggnirgeénhi,f&]}f 4ﬂe_4t1’gai” of the crayfish

_more than threefold by a Ch_anging e'VeCtor_- The reSUIt_S_ ?—fﬁeiﬁer, C. and Glantz, R. M. (1989). Cholinergic synapses and the
interpreted to suggest a possible role of polarization sensitivity organization of contrast detection in crayfish optic laheNeurosci.9,

in motion detection under conditions in which intensity 1872-1882.
. . . . .y Pfeiffer-Linn, C. and Glantz, R. M. (1991). An arthropod NMDA receptor.
contrast is minimal. Furthermore, the sustaining fibers provide gynaps@, 35-42.

the visual input to some optomotor neurons and it is likely thasandeman, D. C(1977). Compensatory eye movements in crablslentified

the polarization sensitivity of the motoneurons is derived from $§?|{92fe§3§'1 Behavior in Arthropoded. G. Hoyle), pp. 131-147. New

the sustaining fiber Input. Schoéne, H. and Schodne, H(1961). Eyestalk movement induced by
polarized light in the ghost crabQcypode quadrata. Sciencg34,
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