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Behavioral selection in crayfish correlates with movement of a screening pigment in the eye
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Abstract. Light induces two contrasting behavioral responses in crayfish: attraction at low intensities and withdrawal
at high intensities. The aim of our experiments has been to study whether screening pigments of the eye influence the
selection of attraction or withdrawal responses. During illumination, screening pigments mask photoreceptor cells,
reducing the gain of the visual system. Comparison of the time and light-intensity functions of pigment migration
and of attraction and withdrawal responses suggest that pigment migration might influence the selection as well as

the latency of the response.
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The nervous system responds to sensory stimulation with
different behavioral patterns. At present, not much is
known about how mechanisms for selecting behavioral
responses are structured. Crayfish are useful for this type
of study, because of their wide behavioral repertoire and
the great amount of information available about the
physiology of their nervous system.

Field observations and behavioral recordings under lab-
oratory conditions have shown that different light levels
induce contrasting patterns of burrowing behavior in
crayfish and in other crustacean species: low intensities
induce an attraction towards light, whereas higher inten-
sities produce a withdrawal response '+ 2. The attraction
response is restricted to a range of 1 logarithmic, o unit of
light intensities. Within this range, the latency of attrac-
tion (the time for the animal to emerge from the burrow
after light onset) increases as a function of light intensity.
A transition point exists where the attraction response is
suppressed and a withdrawal reaction is produced. With-
drawal bears an opposite relation to light intensity: the
latency (time for the animal to retreat to the burrow after
light onset) becomes shorter as the intensity increases L
Behavioral and electrophysiological experiments suggest
that attraction and withdrawal responses might be medi-
ated by subsets of light-responsive sustaining neurons in
the optic nerve > with low and high thresholds respective-
ly!. Attraction is associated with the response of low-
threshold sustaining fibers, whereas withdrawal is associ-
ated with the response of high-threshold sustaining
fibers. In addition, the photoreceptor cells in the 6th
abdominal ganglion® supply input to the withdrawal re-
sponse ' 5.

At increasing light intensities, the rise in the latency of
attraction correlates with the activation of high-
threshold sustaining fibers. Therefore, the increase in the
latency might be due to conflict over the selection of
behavioral response, owing to the simultaneous activa-
tion of both inputs.

One possible mechanism underlying this complex behav-
joral integration might be the migration of the retinal
screening pigments of the eye®. The migration of two
different screening pigments modulates the amount of
light arriving at the photoreceptor cells. Proximal pig-
ment migration occurs as a response to background illu-
mination. Light intensity determines the final position of
proximal pigment without having any effect on the time
course of migration’ 8. By contrast, distal pigment mi-
gration requires the presence of the Distal Pigment Light-
adapting Hormone ®. Each pigment is known to modu-
late photon flux to the retinal receptors over a range of
1 logarithmic,, unit®.

The present report concerns the relationship between
light-intensity, the latency of the behavioral responses,
and the migration of screening pigments.

Methods

In all experiments, adult crayfish Procambarus clarkii of
either sex were used at intermolt. Crayfish were kept in
individual chambers with a simulated burrow under con-
trolled light : dark (12: 12) cycles. During the light peri-
od, a white light of 1200 Ix was applied.

Behavioral experiments. The design of the chambers and
the methods used to record attraction and withdrawal
responses have been described elsewhere™ '°. In brief,
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each crayfish was kept in a two-compartment chamber at
constant temperature (20°C). One of the compartments
simulated a burrow, whereas the other was a wider cham-
ber. Locomotion of crayfish and their compartment
changes were recorded by means of an opto-electronic
system coupled to a computerized device °. Prior to the
tests, crayfish were adapted to complete darkness for
90 min. Behavioral responses to light were studied during
the first 3 h of the dark period, when crayfish show their
maximum levels of spontaneous locomotor activity '*.
An attraction response was defined as the emergence of
the crayfish from the burrow when a light was applied to
the outer chamber. Withdrawal meant that the animal,
previously in the open space, walked back to the burrow
in response to illumination. Since in darkness crayfish
walked spontaneously from one compartment to the
other, the intervals spent by crayfish in each compart-
ment in complete darkness were also measured. These
values were used as references, so that after light onset,
an attraction latency had to be smaller than the interval
spent in the burrow in darkness, whereas a withdrawal
latency had to be shorter than the interval spent sponta-
neously outside the burrow. Crayfish were readapted to
dark before each subsequent trial. Data were expressed
as the latency versus logarithm, 4 of light intensity (log I)
relationship.

Determination of screening pigment positions. The posi-
tions of screening pigments were determined by two dif-
ferent protocols: a) to measure the positions of screening
pigments as a function of light intensity, groups of 4
crayfish were illuminated for 30 min, each with a differ-
ent intensity; b) to measure the time course of the migra-
tion of screening pigments, groups of 4 animals were
illuminated at 2000 Ix and the positions of screening pig-
ments determined at different times. All the experiments
were carried out in the two-compartment chambers.
When illumination was at intensities that produced an
attraction response, the mouth of the burrow remained
open. By contrast, when illumination was in the range of
light intensities that produced a withdrawal response, the
mouth of the burrow was closed to keep the animals in
the wide chamber.

After illumination, crayfish were killed and pigment mi-
gration stopped by immersing the eyes in water at 90°C
for 1 min, in complete darkness'?. Both eyes of each
animal were transferred to a solution of 10% formalde-
hyde, and 24 h later the eyes were bisected and screening
pigment positions were defined as indices by the formu-
lae proposed by deBruin and Crisp*? (fig. 1):

PPl =a/b and DPI = (d1 + d2)/2d3

where PPI is the proximal pigment index; ‘a’ is the dis-
tance from the basal membrane to the distal extreme of
the proximal pigment; ‘b’ is the distance from the basal
membrane to the distal extreme of the retinular cells;
DPI, distal pigment index; d1, distance from the distal
extreme of the distal pigment to the corneal surface;
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Figure 1. Criteria for defining the position of the screening pigments. PP,
proximal pigment; PPI, proximal pigment index; a, distance from the
basal membrane to the distal extreme of the proximal pigment; b, dis-
tance from the basal membrane to the distal extreme of the retinular cells;
DP, distal pigment; DPI, distal pigment index; d1, distance between the
distal extreme of the distal pigment and the corneal surface; d2, distance
from the proximal extreme of the distal pigment to the corneal surface;
d3, distance from the corneal surface to the basal membrane. Adapted
from deBruin and Crisp 2.

d2, distance from the proximal extreme of the distal pig-
ment to the corneal surface; d3, distance from the corneal
surface to the basal membrane (fig. 1). Data were ex-
pressed as mean values + SE.

Positions of both pigments were measured in the central
region of the eye, since this area contains the sensory
fields of the sustaining fibers participating in the attrac-
tion response.

Results

Behavioral experiments. Attraction and withdrawal re-
sponses to light were studied in 9 animals. An attraction
response was observed when a light with an intensity
between 0.17 and 1.4 Ix was turned on outside the bur-
row'. The shortest latency (1.82 + 0.6 min) was ob-
served at 0.17 Ix. Lower light intensities did not produce
any response. Increasing light intensities were associated
with increases in the latency of attraction (fig. 2). At
2.8 Ix, the latency of attraction was 5.08 + 0.4 min, sim-
ilar to the spontaneous interval spent inside the burrow
in darkness (6.22 + 0.45 min). The increase in the latency
of attraction from 0.17 Ix to 2.8 Ix was 4.26 min. Transi-
tion between attraction and withdrawal responses oc-
curred at 2.8 Ix (fig. 2).

A withdrawal response occurred with light levels above
2.8 Ix. At 2.8 Ix, the withdrawal latency was 7.49 + 1.1
min, equal to the interval that crayfish spent sponta-
neously outside the burrow (7.11 + 0.94 min). The with-
drawal latency decreased with increasing light intensities;
for example, at 1050 Ix, the latency was 1.7 + 0.8 min
(fig. 2).

Response 1o light by the screening pigments. To compare
the light intensity relationships of the behavioral re-
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Figure 2. Attraction (black circles) and withdrawal (black stars) latencies
are compared with PPI values (white circles) at different light intensities.
The mean value + SE of spontaneous emergence and return to the bur-
row in darkness are represented by the parallel lines above attraction and
withdrawal latencies, respectively.

sponses and screening pigment migration, the positions
of screening pigments were determined at different light
intensities. Each group of 4 dark-adapted crayfish was
illuminated for 30 min at a different intensity. In control
animals in complete darkness, the proximal pigment was
found close to the basal membrane, in a dark-adapted
position (PPI = 0.06 + 0.04). The threshold for proximal
pigment migration (defined as the lowest light intensity
tested at which PPI>0.1) was found at 0.34Ix
(PPI = 0.14 £0.09). Proximal pigment migrated to more
light-adapted positions as the light intensity was in-
creased (fig. 2), in agreement with previous observa-
tions 812 for example, with 5.6 Ix PPI = 0.68 + 0.02.
Full light adaptation was found with 1000 Ix (PPI = 1.0).
Figure 2 shows attraction and withdrawal latencies and
proximal pigment positions at different light intensities.
As can be seen, the threshold for proximal pigment mi-
gration as well as the first increase in the latency of
attraction were found at 0.38 1x. At the light intensity
corresponding to the transition between attraction and
withdrawal responses, the proximal pigment had migrat-
ed 56% of the distance towards complete light adapta-
tion.

Changes in the light levels produced only small changes
in distal pigment position. The distal pigment was
found partially light-adapted under complete darkness
(DPI = 0.059 + 0.006) and over the whole range of light
intensity tested®; for example, at 88 1x, DPI = 0.062
+ 0.004. Above 88 Ix, a slight but not significant migra-
tion towards a more light-adapted position was ob-
served; for example, at 1000 1x, DPI = 0.072 + 0.07.
Time course of screening pigment migration. It has been
shown that the time course of light-induced proximal
pigment migration is independent of the light intensi-
ty”-®. Therefore, the migration time of the proximal
pigment was studied in groups of eight animals at differ-
ent times of exposure to light at 2000 Ix. Light adaptation
of the proximal pigment occurred in two stages’. In

The three columns in the middle show the experimental mean values of
attraction latencies (AL), proximal pigment index (PPI) and the calculat-
ed duration of proximal pigment movement (PPM) respectively, related
to the light intensity (left column). The right hand column shows the
values obtained after subtracting the duration of proximal pigment move-
ment from the attraction latencies at different light intensities (AL-PPM).
Mean values of 8 observations are presented; SE given in the text. PPT
values were obtained from equation 2.

the first stage, the proximal pigment moved from
PPI = 0.06 + 0.04 at time (T) = 0.0 min, to PPI = 0.68
+ 0.3 at T = 4 min (table I). A significant relationship
(r2 = 0.999) between PPI and T was found for this stage
(equation 1).

PPI =0.14 T + 0.07 Eq.1

The second migration stage was slower. Full light adap-
tation of proximal pigment was reached at T = 12 min
(PPI = 1.0). During the whole period, the position of
distal pigment remained unchanged.

To correlate proximal pigment migration with the in-
crease in the attraction latency at increasing light intensi-
ties, the duration of proximal pigment migration was
calculated at different light intensities. Equation 1 was
arranged to express PPI as an independent variable
(equation 2) and PPI values at different light intensities
(fig. 2) were substituted into equation 2 (table).

T = (PPI — 0.07)/0.14

Data from equation 2 showed that the duration of prox-
imal pigment migration was similar to the increase in
attraction latency at every light intensity tested. To
provide further support for this, the values obtained
from equation 2 were subtracted from the latency of at-
traction at every light intensity (table). As can be seen in
figure 3, the subtracted values at different light intensities
resembled the latency of attraction at threshold.
Another correlation was found between the transition
from attraction to withdrawal responses and the migra-
tion of the proximal pigment. At 2.8 Ix, the increase in
the latency of attraction was 3.1 min, whereas the calcu-
lated duration of proximal pigment migration was 3.5
min (table), corresponding to the first stage of proximal
pigment migration. By contrast, the difference between
the longest (7.49 + 0.8 min, at 2.8 Ix) and the shortest
(1.7 + 1.1 min, at 1050 Ix) latencies of withdrawal was
4.38 min, corresponding to the beginning of the second
stage of proximal pigment migration.

Eq.2

Discussion
The time and light intensity functions of proximal pig-
ment migration and the attraction response share several
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Figure 3. The latency for the migration of the proximal pigment to its
steady state position at every intensity was subtracted from the latency of
attraction (white circles). At all intensities the result of the subtraction
gave values similar to the latency of attraction at threshold (black circles).

characteristics. The threshold for proximal pigment mi-
gration was found at 0.34 Ix, corresponding to the first
increase observed in the latency of attraction. From this
point, the duration of proximal pigment migration
equalled the increase in attraction latency at every light
intensity tested. Interestingly, high-threshold sustaining
fibers 014, 030, 09 and 0383, participating in the with-
drawal response have their thresholds at 0.09 Ix, 0.17 Ix,
0.38 Ix and 0.38 Ix respectively !, close to the thresholds
of the attraction response (0.17 Ix) and proximal pigment
migration (0.34 1x).

It is known that proximal pigment migration to a full
light-adapted position reduces photon flux to the pho-
toreceptor cells by 1 logarithmic unit®. Since light adap-
tation of the proximal pigment was only 56% between
0.38 and 2.8 Ix, the reduction of photon flux to the pho-
toreceptor cells cannot totally compensate for the in-
crease in light intensity. Nevertheless, in previous experi-
ments it was observed that sustaining fibers reach their
dynamic ranges in less than 0.5 logarithmic units above
their threshold . Therefore, the migration of proximal
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pigment might be enough to reduce the firing frequency
of high-threshold sustaining fibers to levels below their
dynamic ranges, thus removing the conflict in behavioral
selection.

At the light intensity where the transition from attraction
to withdrawal has been observed, proximal pigment mi-
gration reaches the threshold of its second stage. The
functional role of this effect in behavioral selection is
difficult to predict, as the withdrawal latency decreases at
higher illumination levels, correlating with increases in
the firing responses of participating interneurones.
Under our experimental conditions there is probably no
contribution of distal pigment to attraction and with-
drawal responses, since no positional changes were ob-
served in response to illumination. Nevertheless, it is
known that the distal pigment buffers the amount of light
to the photoreceptor cells by 1 logarithmic unit over the
24-h cycle®. Therefore, it is possible that distal pigment
influences the thresholds for attraction and withdrawal
responses over a 24-h period.
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