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Polarization sensitivity and decentralized visual processing in
an animal with a distributed visual system

Daniel R. Chappell* and Daniel I. Speiser

ABSTRACT

The marine mollusc Acanthopleura granulata (Mollusca;
Polyplacophora) has a distributed visual array composed of
hundreds of small image-forming eyes embedded within its eight
dorsal shell plates. As in other animals with distributed visual
systems, we still have a poor understanding of the visual
capabilities of A. granulata and we have yet to learn where and how
it processes visual information. Using behavioral trials involving
isoluminant looming visual stimuli, we found that A. granulata
demonstrates spatial vision with an angular resolution of 6 deg.
We also found that A. granulata responds to looming stimuli defined
by contrasting angles of linear polarization. To learn where and how
A. granulata processes visual information, we traced optic nerves
using fluorescent lipophilic dyes. We found that the optic nerves
innervate the underlying lateral neuropil, a neural tissue layer that
circumnavigates the body. Adjacent optic nerves innervate the lateral
neuropil with highly overlapping arborizations, suggesting it is the site
of an integrated visuotopic map. Using immunohistochemistry, we
found that the lateral neuropil of A. granulata is subdivided into
two separate layers. In comparison, we found that a chiton with
eyespots (Chiton tuberculatus) and two eyeless chitons (/schnochiton
papillosus and Chaetopleura apiculata) have lateral neuropil
that is a singular circular layer without subdivision, findings
consistent with previous work on chiton neuroanatomy. Overall, our
results suggest that A. granulata effectuates its visually mediated
behaviors using a unique processing scheme: it extracts spatial
and polarization information using a distributed visual system, and
then integrates and processes that information using decentralized
neural circuits.

KEY WORDS: Neuroethology, Neuroanatomy, Chiton, Mollusc,
Visual ecology, Polarization vision

INTRODUCTION

Animals with distributed visual systems, such as species of
cnidarians (Nilsson et al., 2005; Garm et al., 2011), molluscs
(Speiser et al., 2011), annelids (Bok et al., 2019) and echinoderms
(Garm and Nilsson, 2014; Kirwan et al., 2018; Sumner-Rooney
et al., 2018), have arrays of many separate photoreceptive organs
dispersed across their bodies. Similar to cephalized visual systems,
distributed visual systems include photoreceptive organs that vary in
complexity from unpigmented photoreceptors (Ullrich-Liiter et al.,
2011) to eyespots (Kingston et al., 2018) to image-forming eyes
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(Nilsson et al., 2005; Speiser et al., 2011, 2016). Dissimilar to
cephalized visual systems, distributed visual systems found in
different species vary greatly in their number, arrangement and
location of photoreceptive organs. The complex visual information
networks that result from these disparate collections of
photoreceptive organs are both intriguing and challenging to
study, in part because the overall performance of a distributed
visual network may be misestimated from the anatomy and
physiology of the individual photoreceptive organs that contribute
to it. For example, the brittle star Ophiomastix wendltii has thousands
of dispersed photoreceptors that individually confer coarse
directional information about light, but in combination confer
spatial vision (Sumner-Rooney et al., 2020).

Because distributed visual systems function as networks, it is
vital to characterize them using approaches that illuminate the
combined effect of their numerous photoreceptive organs. Top-
down behavioral approaches, for example, allow us to investigate
representations of higher-order visual information in the nervous
systems of animals. Behavioral experiments can reveal these neural
representations because visually mediated behaviors reflect
integrated visual information rather than input from single
photoreceptive organs (Chappell et al., 2021). Additionally,
bottom-up neuroanatomical approaches allow us to investigate
where and how visual information is integrated and processed,
which is largely unknown for many distributed visual systems
(Spagnolia and Wilkens, 1983; Garm and Mori, 2009). Thus far, our
knowledge of biological visual processing is mostly limited to
studies on animals with brains, but some animals with distributed
visual systems have relatively decentralized nervous systems
without prominent central processing structures. Consequently,
investigating the neuroethology of distributed visual systems is
likely to uncover novel visual processing schemes.

Chitons (Mollusca; Polyplacophora) are a promising group of
animals in which to study the behaviors and neural processing
associated with distributed vision (Fig. 1). All chitons are dorsally
armored with eight calcified shell plates embedded with extensive
networks of small sensory organs termed aesthetes (Moseley, 1885).
In some species, these networks include eyespots or eyes (Moseley,
1885; Nowikoff, 1907; Boyle, 1969; Haas and Kriesten, 1978;
Speiser et al., 2011). The chiton Acanthopleura granulata, for
example, has hundreds of small eyes (~80um in diameter)
embedded within its shell plates (Speiser et al., 2011). Each eye
has a retina of ~100 photoreceptors, a layer of screening pigment
and an image-forming lens made of aragonite (Speiser et al., 2011,
2014; Li et al., 2015). Like most chitons, 4. granulata responds
defensively to appearances of dark overhead stimuli by lowering its
body and clamping to the substrate. Computational models suggest
the individual eyes of A. granulata provide spatial vision with an
angular resolution of 69 deg, but behavioral trials exploiting the
defensive clamping response of this species have only provided
coarse estimates of the angular resolution provided by its network of
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Fig. 1. lllustrations of the anatomy of the chiton Acanthopleura granulata. (A) Dorsal view of A. granulata showing the eight overlapping shell plates and
the black-and-white striped girdle tissue that characterizes this species. The small black dots on the shell plates represent the shell eyes. (B) A schematic of
the chiton nervous system, shown from a ventral view and redrawn from Sumner-Rooney and Sigwart (2018). For reference, the girdle, foot and mouth are
displayed as gray silhouettes. The major neural structures are color-coded as indicated in the key. (C) Lateral view of A. granulata showing the eight
overlapping shell plates and the surrounding girdle. Body axes are indicated as anterior—posterior (A—P), dorsal-ventral (D-V) and right-left (R-L). Scale

bars: (A—C) 500 pm.

eyes (Speiser et al., 2011; Li et al., 2015). Further, these behavioral
trials have not explored polarization sensitivity in 4. granulata. The
photoreceptors in the retinas of eyed chitons, such as A. granulata,
do not appear to be arranged orthogonally (Boyle, 1969; Speiser
et al., 2011), which rules out a common mechanism by which eyes
achieve polarization sensitivity (Marshall and Cronin, 2011).
Nevertheless, 4. granulata may still be polarization sensitive
because its aragonitic lenses are birefringent and focus incident light
of different angles of linear polarization (AoLP) at different
positions relative to each underlying retina (Speiser et al., 2011;
Lietal, 2015).

We have yet to learn how chitons with eyes, such as 4. granulata,
process visual information. Chitons have nervous systems without
prominent ganglia and thus lack the centralized optic lobes
canonically associated with vision (Hubrecht, 1882; Sumner-
Rooney and Sigwart, 2018). Instead, their nervous systems are
predominantly structured by three concentric continuous loops of
neuropil that are located within medullary cords (Fig. 1B). These

medullary cords travel separately throughout most of the chiton
body, but fuse at the anterior end (Hubrecht, 1882; Sumner-Rooney
and Sigwart, 2018). Previous anatomical descriptions suggest that
the nerves from the aesthetes exit the shell plates and go towards the
lateral neuropil, but it is unknown whether these nerves fasciculate
with or terminate within the lateral neuropil (von Knorre, 1925). The
lack of large centralized ganglia in chitons suggests that visual
processing in eyed species takes place within their medullary cords,
which would be an unusual and intriguing visual processing
scheme.

In this paper, we explored the visually mediated behaviors and
neuroanatomy of the eyed chiton A. granulata. To investigate the
visual capabilities of A. granulata, we conducted behavioral
experiments that used the innate defensive clamping response of
this species as a behavioral readout of its ability to detect different
visual stimuli. We tested the angular resolution of spatial vision in A.
granulata using luminance contrast stimuli that loomed against
checkerboard backgrounds of different spatial frequencies. We
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tested polarization sensitivity using similar behavioral trials in
which looming stimuli and static backgrounds contrasted in terms of
AoLP. To identify the location of visual integration within the
nervous system of A. granulata and characterize its topography, we
traced optic nerves using fluorescent lipophilic dyes and imaged
them using confocal microscopy. Next, we used fluorescence
immunohistochemistry to investigate the tissue substructure at
the site of optic nerve innervation in A. granulata and then for
comparison, repeated this procedure with a chiton species with
eyespots (Chiton tuberculatus) and two eyeless chiton species
(Ischnochiton papillosus and Chaetopleura apiculata).

MATERIALS AND METHODS

Specimen collection and care

We collected Acanthopleura granulata (Gmelin 1791) from a sea
wall near Tavernier, FL, USA (25.00N, 80.53W). For behavioral
trials, we held specimens in buckets filled with actively aerated
natural seawater (NSW). Following the behavioral trials, we
transported the animals to the University of South Carolina
(Columbia, SC, USA), where we kept them in a Living Stream
System (Frigid Units, Toledo, OH, USA) with recirculating NSW
held at a temperature of 19.5°C and a salinity of 33 ppt. For lighting,
we used two Hydra TwentySix HD LED fixtures
(Aqualllumination, Ames, IA, USA) set to a 12 h:12 h light:dark
cycle.

We collected Chiton tuberculatus Linnaeus 1758 from rocky
shores on the island of St Thomas, United States Virgin Islands,
using an Indigenous Species Research, Retention and Export Permit
(DFW16025U). Following collection, we transported animals to the
University of the Virgin Island’s MacLean Marine Science Center,
where we kept them in a shaded outdoor flow-through sea table
supplied with NSW from Brewers Bay.

We acquired Chaetopleura apiculata (Say 1834) and
Ischnochiton papillosus (Adams 1845) from Gulf Specimen
Marine Laboratory (Panacea, FL, USA) and housed them at the
University of South Carolina (Columbia, SC, USA) in the same
Living Stream System and under the same conditions as described
above for A. granulata.

Equipment and procedures for behavioral experiments

We measured the angular resolution of spatial vision and tested for
polarization sensitivity in A. granulata using behavioral
experiments (Movie 1). In the first experiment, we tested for
spatial and polarization vision when animals were submerged in
water, and in the second, we tested animals when they were in air.
We tested 60 individuals in total, and used 30 individuals for each of
the experiments. In trials with submerged animals, we filled a clear
plastic 10x10x3 cm container (AMAC Plastic Products, Sonoma
Country, CA, USA) to a depth of 3 cm with NSW, placed into the
container a smooth piece of 10x10x0.5 cm slate (that had been kept
in the same holding container as the test animals), and then placed a
single chiton onto the middle of the piece of slate. For trials with
animals in air, we followed similar procedures, but did not fill the
plastic container with NSW. In each trial, we positioned the
container holding the test animal inside a metal frame, set an LCD
monitor face down on top of the frame so that the surface of the
screen was 20 cm above the test animal, and then draped a sheet of
black felt over the metal frame and monitor. We observed and
recorded the behaviors of test animals using two Logitech HD C615
webcams that were mounted on tripods, positioned on adjacent sides
of the clear plastic container and connected to a computer.

In each trial in our two experiments, we presented a chiton with a
series of eight different visual stimuli that were ordered randomly
for each test animal. Before presenting visual stimuli to a chiton, we
waited for it to begin crawling along the slate substrate. Acclimation
by a chiton to the behavioral arena usually took less than 1 min. Ifa
chiton responded to a stimulus, we presented a new stimulus after it
resumed crawling (Movie 1). If a chiton did not respond to a
stimulus, we presented the next stimulus after a several-second
delay. If a chiton either crawled up the walls of the plastic cube or off
the slate, we repositioned it back onto the middle of the slate and
provided an additional acclimation period before resuming the trial.

The eight visual stimuli that we presented to each chiton included
six luminance contrast stimuli and two polarization contrast stimuli
(Fig. 2). We displayed luminance contrast stimuli with an
unmodified LCD monitor (model E1913Sf, Dell Inc., Round
Rock, TX, USA) and polarization contrast stimuli with a modified
LCD monitor (model E198FPf, Dell) from which we had removed
the front polarizing filter. By making this modification, we could
create and display looming stimuli in which the looming circle and
the static background contrasted in terms of linear polarization (i.e.
different AoLP) instead of luminance contrast (i.e. black versus
white). We made and displayed visual stimuli using custom written
code in GNU Octave that utilized the Psychophysics Toolbox
(Brainard, 1997). We followed established methods to measure the
linear polarization contrast of the output of the modified LCD
monitor (Pignatelli et al., 2011). Briefly, we measured the irradiance
of the screen when it was covered by a linear polarizing filter
positioned at relative angles of 0, 45, 90 and 135 deg. We quantified
irradiance using a portable fiber-optic spectrophotometer system
from Ocean Optics (Dunedin, FL, USA) that included a FLAME-S-
VIS-NIR-ES spectrometer, a QP400-1-UV-VIS optical fiber and a
CC-3 cosine corrector. We used these irradiance values to calculate
the normalized Stokes parameters (So, 51, S> and S3) from which we
calculated the AoLP for the ‘black’ and ‘white’ states of the
modified LCD monitor and the linear contrast comparing these two
states. Intensity artifacts can confound behavioral tests of
polarization vision, which we accounted for by minimizing
surface reflections and preventing large incident viewing angles
of the polarized stimuli by showing stimuli in the center of the
screen and constraining chitons to a small behavioral arena directly
below where stimuli appeared on the screen.

To test spatial resolution in A. granulata, we recorded the
responses of animals to looming gray circles shown against four
different black-and-white checkerboard backgrounds (Fig. 2A-D).
These backgrounds consisted of square checks with angular widths
of'1.5,3.0,4.5 or 6.0 deg (as viewed from the positions of chitons in
our behavioral experiments). For brevity, we hereafter refer to these
four stimuli as ‘1.5 deg checker loom’, ‘3.0 deg checker loom’,
‘4.5 deg checker loom’ and ‘6.0 deg checker loom’. We chose this
range of angular widths for the checks because morphological
estimates of visual acuity suggest that the 1.5 deg checkerboard is
too fine for the eyes of 4. granulata to resolve, whereas the 6.0 deg
checkerboard is likely coarse enough to be resolved (Speiser et al.,
2011; Lietal., 2015). We chose a gray value for the looming circle
that was isoluminant to the overall irradiance of the black-and-white
checkerboard backgrounds. By using this gray value for the
looming circle, the overall irradiance experienced by animals from
the screen remained constant as the looming circle increased in size.
The looming circles began with an angular size of 0 deg and over
4.0 s increased to an angular size of 80 deg, which was an angular
velocity validated in preliminary trials to elicit strong responses
from chitons.
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Fig. 2. A schematic overview of the different looming visual stimuli used for the behavioral trials in this study. For each panel, the square on the left
represents how a visual stimulus first appears on the screen, and the square on the right represents how the visual stimulus appears at the end of the
dynamic loom (which took 4 s in all cases). (A-D) The spatial resolution trial stimuli each had a central looming isoluminant gray circle, but varied in the
angular sizes of the squares that composed their background checkerboard patterns. The angular sizes of these squares (as viewed by animals in the
behavioral experiments) varied from (A) 1.5 deg, (B) 3.0 deg, (C) 4.5 deg to (D) 6.0 deg. (E-H) The polarization trial stimuli all had a central looming circle,
but varied in terms of the color of the circle, the color of the background and the type of screen on which they were shown. (E) The ‘black-on-white loom’
stimulus consisted of a black circle looming on a white background shown on a normal LCD screen. (F) The ‘white-on-black loom’ stimulus consisted of a

white circle looming on a black background shown on a normal LCD screen. (G,H) The polarized loom stimuli were shown on a modified LCD monitor which
displays LCD black and white states as different angles of linear polarization (AoLP), such that images normally contrasting in luminance (i.e. black or white)
will instead vary in terms of their AoLP and will be uniformly isoluminant. (G) The ‘polarized loom 1’ stimulus consisted of a linearly polarized circle looming
on a linearly polarized background which varied in terms of its AoLP. (H) The ‘polarized loom 2’ stimulus consisted of a linearly polarized circle looming on a
linearly polarized background which varied in terms of its AoLP. The background of ‘polarized loom 1’ and the looming circle of ‘polarized loom 2’ had the
same AoLP, and the looming circle of ‘polarized loom 1’ and the background of ‘polarized loom 2’ had the same AoLP.

To test for polarization sensitivity in A. granulata, we recorded
the responses of animals to an additional four types of overhead
looming stimuli (Fig. 2E-H). The first two stimuli were luminance
contrast and were shown on the unmodified LCD monitor, and the
second two stimuli were polarization contrast and were shown on
the modified LCD monitor. All stimuli consisted of a uniform

background over which a uniform circle of different intensity or
AoLP loomed. The looming circles began with an angular size of
0 deg and over 4.0 s increased to an angular size of 80 deg. The first
luminance contrast stimulus consisted of a white background with a
black looming circle (i.e. ‘black-on-white loom’) and the second
luminance contrast stimulus consisted of a black background with a
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white looming circle (i.e. ‘white-on-black loom’). The two
polarization contrast stimuli were the same as the black-on-white
loom and white-on-black loom, but they were displayed on the
polarization contrast screen so ‘black’ and ‘white” states differed in
AoLP rather than luminance. For brevity, we refer to the black-on-
white loom stimulus displayed on the polarization contrast screen as
‘polarization loom 1°, and the white-on-black stimulus displayed on
the polarization contrast screen as ‘polarization loom 2’.

Behavioral trial analysis

After conducting behavioral trials, we used our video recordings to
score the behavioral responses of chitons to stimuli. To remove bias
during the scoring process, we were blind to the order of the visual
stimuli presented to chitons in the videos. Following precedent set
by previous chiton behavioral studies, we scored a chiton’s
behavioral response to a stimulus as positive if it lowered its body
to the substrate and/or ceased crawling within 2 s of the stimulus
being presented (Speiser et al., 2011; Kingston et al., 2018). We
separately analyzed the results of the two experiments (the first
conducted with animals in water and the second with animals in air).

To analyze our behavioral trial results, we generated and
interrogated logistic regression generalized mixed-effect models
in R using the Ime4 package (Bates et al., 2015). We chose this
approach because of the repeated measures design of our
experiments (i.e. chitons in both experiments saw all eight of the
visual stimuli in random order) and because our dependent variable
was binary (i.e. chitons either responded or did not). Our models
were of the form: behavioral response~1+stimuli+(1|chiton
individual). We set the responses of animals to the 1.5 deg
checker loom as the reference level for our models, a value chosen
because morphological estimates of the spatial resolution of
individual eyes suggest that this is too fine a pattern for A.
granulata to resolve (Speiser et al., 2011; Li et al., 2015).

To assess whether the responses of A. granulata to the test stimuli
differed from their responses to the reference stimulus, we generated
logistic odds ratios (LOR) of the response variable for each of the
stimuli with confidence intervals (CI). Our models were logistic
regression models, so we considered the responses of A. granulata
to the test stimuli significantly different from the reference level if
the LOR CI did not encompass zero. Additionally, we interpreted
stimuli with positive LOR as being more likely to trigger behavioral
responses by A4. granulata than the reference stimulus, and those
with negative LOR as being less likely to trigger behavioral
responses by 4. granulata than the reference stimulus.

Specimen preparation for morphological analysis

To preserve specimens of A. granulata, C. tuberculatus, C.
apiculata and I papillosus for morphological examinations, we
fixed whole animals overnight at 4°C in 4% paraformaldehyde in
NSW that had been passed through a 0.22 um syringe filter. We
washed fixed specimens three times for 5 min each in filtered NSW
and stored them in 0.1 mol 17! phosphate-buffered saline (PBS; 1x
PBS, diluted from a 10 PBS stock; Corning, NY, USA) at 4°C. Next,
we decalcified the whole, fixed specimens by immersing them in
0.5 mol I=! EDTA (pH 8.0) for ~2—7 days on a rocker at room
temperature. After decalcification, we washed whole specimens
3 times for 10 min in 1x PBS, after which we stored them in 1x PBS
at 4°C.

Optic nerve tracing
To trace the optic nerves of A. granulata, we used the lipophilic dyes
Dil and DiD (Invitrogen, Waltham, MA, USA), which readily

incorporate into and diffuse along living or fixed cell membranes.
First, we used a micropipette puller (P-1000, Sutter Instruments,
Novato, CA, USA) to create fine-tipped thin-walled glass capillary
tubes. Then, we partially filled the capillary tubes with a small
quantity of either Dil or DiD. We attached the partially filled
capillary tubes to a picoliter injection system (PLI-100, Medical
System Corporation, Greenvale, NY, USA), which we used to inject
a bolus of Dil or DiD into the retinal cups of chosen eyes from fixed
and decalcified 4. granulata specimens. After dye injections, we
incubated chiton samples at 4°C for 2 weeks to allow time for Dil or
DiD to diffuse along the entire extent of optic nerves. We incubated
larger specimens for longer time periods to account for the increased
diffusion distances owing to the ontogenetic scaling of their optic
nerves.

Next, we embedded specimens in a gelatin-based medium (4%
gelatin, 25% bovine serum albumin in 1x PBS) and then fixed the
gelatin blocks containing the specimens overnight at 4°C in 4%
paraformaldehyde in 1x PBS in foil. We then used a vibratome
(Vibratome 1000 Plus Sectioning System, Harvard Apparatus,
Holliston, MA, USA) to cut the gelatin-embedded samples into
100 um thick sections, which we collected and stored in 1x PBS in
24-well plates covered in aluminum foil at 4°C. Finally, we mounted
sections onto slides using Fluormount-G (Southern Biotech,
Birmingham, AL, USA) and sealed coverslips over them using
nail polish.

Immunohistochemistry

To visualize the structure of the lateral neuropil of 4. granulata,
C. tuberculatus, C. apiculata and I papillosus, we used
immunohistochemistry. We performed all of the following steps
at room temperature (~20°C) on a rocker unless otherwise specified.
For immunolabeling, we followed the fixation, decalcification and
sectioning procedures described above. Next, we dehydrated and
rehydrated sections through a series of ethanol-1x PBS solutions
for 10 min each as follows: 30%, 50%, 70%, 90%, 100%, 90%,
70%, 50%, 30% and 0%. Then, we permeabilized sections in a
series of three 10-min washes of 1x PBS with 0.3% Triton X-100
(PBS-TX). Next, we blocked sections for 1h in PBS-TX with
5% (v/v) normal goat serum and 2% (w/v) bovine serum albumin
(blocking buffer). We then incubated the sections at 4°C for three
nights in primary antibodies diluted in blocking buffer as follows:
anti-alpha-tubulin raised in mouse (1:500; T5168, Sigma-Aldrich,
St Louis, MO, USA) and anti-FMRFamide raised in rabbit
(1:1000; NB100-1661, Novus Biologicals, Littleton, CO, USA).
We included secondary-only controls, which we did not incubate
with primary antibodies but otherwise treated identically. Next,
we washed the sections 3 times for 1 h in 1x PBS. For secondary
labeling, we incubated sections at 4°C in secondary
antibody diluted in blocking buffer (1:400) with added DAPI
(1:1000; 4',6-diamidino-2-phenylindole, Thermo Fisher Scientific,
Waltham, MA, USA). The secondary antibodies we used for anti-
alpha-tubulin and anti-FMRFamide were goat anti-mouse Alexa
Fluor 633 (A-21052, Invitrogen) and donkey anti-rabbit Alexa
Fluor 488 (A32790, Alexa Fluor), respectively. We covered the
sections with aluminum foil, and incubated them on a rocker for two
nights. After immunolabeling, we mounted sections using
Fluormount-G (Southern Biotech, Birmingham, AL, USA) and
sealed the coverslips using nail polish.

Confocal imaging and image processing
To image the fluorescently labeled tissue sections produced from both

the optic nerve tracing and the immunohistochemistry experiments
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described above, we used a Leica SP8 X confocal microscopy system
(Leica Microsystems, Buffalo Grove, IL, USA), with a water
immersion 40x objective (NA 1.10). We collected most images at
1024x1024 pixels, but for some samples we used the integrated tile
scanning ability of the Leica SP8X microscope to obtain larger
panoramic images. For fluorophore excitation, we used a 405 nm diode
laser (120 mW, 20% power) to excite DAPI, and used a white-light
laser (500 mW, 50% power) to excite all other fluorophores, including
Dil and DiD. For the secondary-only and untreated controls, we used
the same acquisition parameters as the corresponding treatment
samples. We then used FIJI (Schindelin et al., 2012) to process the
images in a variety of ways, including creating maximum projections
of z-stacks, forming composite images from multiple color channels
and forming panoramic images from tile-scans. Additionally, we used
the 3DViewer plugin in FIJI to construct 3D volumetric models from
the confocal z-stacks and to create video animations of these models
(Schmid et al., 2010).
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RESULTS

Acanthopleura granulata demonstrates spatial vision with

an angular resolution of 6 deg

As a measure of spatial resolution, we estimated the minimum
resolvable angle (o) in 4. granulata to be 6 deg, twice the width
of the narrowest squares that it was able to resolve (3 deg). We found
that a greater number of A. granulata responded to looming stimuli
against coarser checkerboard backgrounds. In our first experiment,
in which animals were submerged in water, the proportion of
chitons that responded to each of the stimuli were as follows: 1/30
chitons for the 1.5 deg checker loom, 12/30 for the 3.0 deg checker
loom, 24/30 for the 4.5 deg checker loom and 29/30 for the 6.0 deg
checker loom (Fig. 3A). In our second experiment, in which animals
were in air, the proportion of chitons that responded to each of the
stimuli were as follows: 1/30 chitons for the 1.5 deg checker loom,
13/30 for the 3.0 deg checker loom, 27/30 for the 4.5 deg checker
loom and 28/30 for the 6.0 deg checker loom (Fig. 3B).

Polarized loom 2
Polarized loom 1
White-on-black loom
Black-on-white loom
6.0 deg checker loom
4.5 deg checker loom
3.0 deg checker loom

1.5 deg checker loom

0 5 10 15 20 25 30
Behavioral responses

D

Polarized loom 2 1

Polarized loom 1 A

White-on-black loom -

Black-on-white loom - : ——
1
6.0 deg checker loom - : ——
4.5 deg checker loom - : ——
3.0 deg checker loom A : ——

-6 -4-20 2 4 6 8 10 12
log Odds ratios

Fig. 3. The proportion of Acanthopleura granulata individuals that responded to each of the visual stimuli and the log odds ratios of the behavioral
responses compared with the reference level (response to the 1.5 deg checker loom). (A,B) Stacked horizontal bar charts showing the proportion of A.
granulata individuals that responded to a stimulus (black section) or did not respond to the stimulus (gray section). The proportion of responses to all of the
stimuli are displayed in separate bar charts for trials conducted in water (A) and trials conducted in air (B). (C,D) Plots showing the mean log odds ratio (black
diamonds) with confidence intervals of positive behavioral responses of A. granulata for each of the visual stimuli presented in water (C) or in air (D). In this
plot, log odds ratios greater than zero represent higher odds of a positive behavioral response to a stimulus compared to the reference stimulus (i.e. 1.5 deg
checker loom), and log odds ratios less than zero represent lower odds of a positive behavioral response to a stimulus compared with the reference stimulus.
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Using the LOR generated by our generalized linear mixed-effect
models, we found that in water, A. granulata was significantly likely
to respond to the 3.0 deg checker loom (LOR CI, 1.1:5.5), the
4.5 deg checker loom (LOR CI, 0.7:5.5) and the 6.0 deg checker
loom (LOR CI, 4.6:10.8) (Fig. 3C). In air, we similarly found that 4.
granulata was significantly likely to respond to the 3.0 deg checker
loom (LOR CI, 1.0:5.2), the 4.5 deg checker loom (LOR CI, 3.2:8.0)
and the 6 deg checker loom (LOR CI, 3.5:8.5) (Fig. 3D).

Acanthopleura granulata is polarization sensitive
We found that A. granulata responds to looming stimuli defined by
contrasting AoLP. In water, the proportion of chitons that responded
to each of the looming stimuli shown against uniform backgrounds
were as follows: 29/30 chitons responded to the black-on-white
loom, 1/30 chitons responded to the white-on-black loom, 9/30
chitons responded to polarization loom 1 and 6/30 chitons
responded to polarization loom 2 (Fig. 3A). In air, the proportion
of chitons that responded to each of the stimuli were as follows: 29/30
chitons responded to the black-on-white loom, 1/30 chitons
responded to the white-on-black loom, 9/30 chitons responded to
polarization loom 1 and 16/30 chitons responded to polarization
loom 2 (Fig. 3B). Across trials, the looming polarized stimuli
elicited positive behavioral responses when they reached similar
angular sizes: 34.4+6.8 deg for polarization loom 1 in water, 32.2
+7.1 deg for polarization loom 1 in air, 37.5£7.6 deg for
polarization loom 2 in water and 35.0£7.9 deg for polarization
loom 2 in air. A stimuli incident angle of 15 deg is an acceptable
deviation from perpendicular viewing and well within the viewing
conditions commonly employed for behavioral polarization tests.
Using the LOR generated by our generalized linear mixed-effect
models, we found that in water, A. granulata was not significantly
likely to respond to the white-on-black loom (LOR CI, —2.9:2.9) or
to polarization loom 2 (LOR CI, —0.10:4.42), but was significantly
likely to respond to the black-on-white loom (LOR CIL, 4.6:10.8) and
polarization loom 1 (LOR CI, 0.6:5.0) (Fig. 3C). In air, we found
that A. granulata was not significantly likely to respond to the
white-on-black loom (LOR CI, —2.8:2.8), but was significantly
likely to respond to the black-on-white loom (LOR CI, 3.9:9.7),
polarization loom 1 (LOR CI, 0.4:4.6) and polarization loom 2
(LOR CI, 1.4:5.6) (Fig. 3D).

Optic nerves of A. granulata innervate the lateral neuropil to
form a visuotopic map

The optic nerves of 4. granulata take elaborate pathways to connect
the eyes in the shell plates with the rest of the nervous system.
Lipophilic dyes injected into each eye cup diffused into the cellular
membranes of photoreceptors, and laterally diffused within the
membranes to trace the ventrally projected neurite extending from
each photoreceptor (i.e. optic neurites). Ventral to each retina, the
optic neurites fasciculate into a dense optic nerve, one of which
travels laterally from each eye to the edge of the shell plate in which
the eye is embedded. To reach the edge of a shell plate, an optic
nerve passes through the otherwise dense mineralized shell material
via a system of canals (Fernandez et al., 2007). Once a tightly
fasciculated optic nerve reaches the lateral edge of a shell plate, its
optic neurites defasciculate from one another to form an irregular
neural plexus (Fig. 4; Movie 2). These neural plexuses are located
within the perforated mineralized matrices at the lateral margins of
each shell plate (i.e. ‘spongy eaves’), which are the active sites for
new shell growth. On the ventral side of a plexus, the optic neurites
fasciculate again to form consolidated optic nerves, which
subsequently bunch together to form aggregate optic nerves

containing neurites from multiple eyes. To pass from the dorsal to
ventral side of a shell plate, each aggregate optic nerve travels
through one of the shell plate’s radially periodic insertion slits
(i.e. passages through the articulamentum, the lower of the two
layers of shell material). Our observations corroborate previous
microdissection investigations that suggest that the insertion slits
allow nerves to pass between the insertion plates that anchor the
shell plates to the musculature of the girdle tissue (von Knorre,
1925).

We found that the optic nerves of A. granulata innervate the
lateral neuropil, which is a neural tissue layer that circumnavigates
the body (Fig. 1B). After exiting shell plates, optic nerves travel
medially to reach the roof of the pallial cavity and then travel
superficially and medially until they reach the lateral neuropil. Upon
reaching the lateral neuropil, each optic nerve branches into a
characteristic H-shaped arborization pattern (Fig. 5; Movie 3). This
branching pattern arises from an optic nerve bisecting into two
separate neurite bundles followed by each bundle heading towards
different mediolateral tracts of the lateral neuropil. Once at their
respective tracts, these neurite bundles split again and the neurites
travel bidirectionally along the lateral neuropil. Individual optic
neurites within the lateral neuropil have periodic varicosities, which
give the appearance of beads on a string. We did not observe these
varicosities in optic neurites outside of their arborizations along the
lateral neuropil.

We found that the optic nerves arborize along the lateral neuropil
visuotopically; that is, different radial sections of an animal’s visual
field are mapped onto different radial sections of its lateral neuropil
loop (Fig. 5). Eyes on adjacent shell plates project optic nerves
which arborize along adjacent sections of the lateral neuropil, as do
eyes on adjacent sections of the same shell plate. In this way, each
section of the lateral neuropil loop contains optic nerve
arborizations from eyes in the directly overlying shell plates.
Additionally, we found that arborizations from separate optic nerves
traversed considerable distances along the lateral neuropil to overlap
with one another. We observed that the optic neurites from different
eyes traversed closely to one another, and did not show evidence of
neuronal tiling (i.e. they did not have well-defined arborization
boundaries).

The lateral neuropil of A. granulata is partially subdivided

The lateral neuropil of 4. granulata is dorsoventrally flattened and
subdivided into two distinct layers by an invaginating vein of
neuronal cell bodies (Fig. 6A). In contrast, the lateral neuropil in
other chiton species is circular in cross-section and surrounded by a
cortex of neuronal cell bodies (Sumner-Rooney and Sigwart, 2018).
We corroborated this finding in C. tuberculatus, 1. papillosus and C.
apiculata, all of which had lateral neuropil consisting of a circular
central layer of neuropil surrounded by a dense layer of cell bodies
(presumptively neuronal somata) (Fig. 6B-D). The unusual
anatomy and subdivision of the lateral neuropil in 4. granulata is
reminiscent of the subdivisions of the lateral, ventral and cerebral
neuropil layers within the circumesophageal nerve rings of chitons
(Plate, 1897; Sumner-Rooney and Sigwart, 2018). In 4. granulata,
however, such subdivisions are found not only in the
circumesophageal nerve ring, but also within the entire lateral
neuropil.

Like its lateral neuropil, the anterior commissure of A. granulata
has more subdivisions than the anterior commissures of other
chitons (Fig. 6E,F). The anterior commissure is the anterior half of
the circumesophageal nerve ring, a neural structure found in most
molluscs that encircles the mouth. In chitons, the anterior
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commissure is formed from the fusion of the lateral, ventral and
cerebral neuropil. In most chitons, the three layers of neuropil in the
anterior commissure are separated by veins of neuronal cell bodies.
In A. granulata, however, we see additional neuropil subdivisions
within the anterior commissure created by veins of cell bodies,
which may indicate additional layers of neuropil. In the region of the
lateral neuropil, there is a well-defined subdivision created by a thick
boundary of cell bodies. In the region of the cerebral neuropil, we
see a less well-defined vein of cell bodies which incompletely
divides the neuropil (Fig. 6E,F). As a consequence, the anterior
commissure of 4. granulata appears to contain five neuropil layers,
two more than observed in any other chiton to date.

DISCUSSION

Acanthopleura granulata demonstrates spatial vision

Our estimate of the visual spatial resolution of A. granulata as 6 deg
solid angle aligns with computational estimates of spatial resolution
in this species (Speiser et al., 2011; Li et al., 2015). By combining
crystallographic techniques, microCT and ray tracing, Li et al.
(2015) estimated the angular resolution of the eyes of A. granulata
to be between 8 and 13 deg in air and between 6 and 9 deg in

Fig. 4. The neural plexus of optic nerves
along the lateral edge of a shell plate from
A. granulata. (A) An illustration of the dorsal
view of A. granulata showing the location and
pattern of lipophilic dye injections as asterisks.
Multiple eyes on adjacent sections of the
anterior-most shell plate were injected with
different lipophilic dyes (Dil or DiD), which are
false colored to be magenta and white,
respectively, in C. The black dashed box in

A represents the field of view in B.

(B) An illustration of the lateral view of the
anterior-most shell plate from A. granulata
again showing the location and pattern of
lipophilic dye injections as asterisks. Regions
of the shell plate include the dorsal surface (1),
the eaves (Il) and the insertion plates/slits (IlI).
The black dashed box in B represents the field
of view in C. (C) Confocal microscopy image of
a frontal section through the lateral margin of
the anterior shell plate of A. granulata showing
multiple fluorescently labeled optic nerves. The
optic nerves enter the dorsal side of the
sectioning plane (asterisks), and at these
locations are still within the canals in the shell
plate through which they connect with the
eyes. After emerging from the canal system,
the optic nerves defasciculate to form an
irregular neural plexus. The optic neurites
traverse this neural plexus and then fasciculate
into large optic nerves (arrowheads) prior to
intersecting the ventral sectioning plane. Scale
bars: (A) 500 pm, (C) 50 pm.

seawater. These estimates represent a best-case scenario for angular
resolution because disorganization of the microvillar projections of
photoreceptors (as indicated by Boyle, 1969 for Onithochiton
neglectus) will coarsen the angular resolution an eye can provide.
Our behavioral estimates of visual spatial resolution of 6 deg in both
air and seawater suggest 4. granulata is able to detect visual stimuli
right at the edge of the resolvable limit of its individual eyes. In fact,
the visual spatial resolution required to discern the checkerboard
looms in water is even finer than our estimates because the chitons
viewed the stimuli through Snell’s window at the water—air
interface, which compresses the 180 deg field of view above the
water to ~96 deg below the water.

It is possible that A. granulata enhances its visual spatial
resolution via leveraging the redundant sampling of visual stimuli
by its distributed array of eyes, which have highly overlapping
visual fields (Li et al., 2015). Certain points of the surrounding
visual field could be sampled by as many as 150 eyes, based on
estimates of eye density (~12 eyes per mm?), visual field size
(60 deg solid angle; Li et al., 2015) and radii of shell surface
curvatures (~2.68 mm radial and ~5.59 mm dorso-ventral). If so,
the visual system of A. granulata may function similarly to multi-
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channel sensor arrays in which the region of interest is sampled
simultaneously by multiple sensors so as to overcome the noise
limitations of the individual sensors (Larson and Taulu, 2017). The
advantage of using spatial oversampling to overcome noise instead
of temporal summation is that the detection time window — which is
preferably minimized to detect quickly moving predators — would
not be increased by longer integration times. Similarly, the
advantage of using spatial oversampling to overcome noise
instead of spatial summation is that spatial resolution — which is
preferably maximized to preserve acuity — would not be coarsened
by summing input from neighboring photoreceptors found in the
same eye.

The methods we employed for testing spatial vision in A.
granulata represent a substantial improvement over past efforts.
They confirm that 4. granulata has spatial vision and, for the first
time, provide a reliable estimate of its visual spatial resolution.

Fig. 5. The pattern of optic nerve
arborization along the lateral neuropil of

A. granulata. (A) An illustration of the dorsal
view of A. granulata showing the location and
pattern of lipophilic dye injections as arrows.
Single eyes on alternating shell plates were
injected with different fluorescent lipophilic
dyes (Dil and DiD), which are false colored to
be magenta and white, respectively, in the
confocal microscopy images. (B) An illustration
of the chiton nervous system showing the
approximate field of view for the microscopy
images in C—E, which are dorsal views of a
frontal section along the lateral neuropil.

(C) A confocal microscopy image showing the
arborization of two optic nerves along the
lateral neuropil which are labeled with different
dyes and are shown separately in D and E for
clarity. In C, two fasciculated optic nerves,
each labeled by an arrow, are seen to split into
two separate neurite bundles which travel to
separate tracts of the neuropil. The separate
neurite bundles then bifurcate again and travel
bidirectionally along the lateral neuropil. Scale
bars: (C-E) 100 pm.

Previous behavioral trials on A. granulata found support for spatial
vision, but the design of the visual stimuli precluded the ability to
interpret visual acuity from the behavioral responses of animals
(Speiser et al., 2011). In this earlier study, the authors found that 4.
granulata was more likely to respond to the sudden overhead
appearance of a 9 deg solid angle black circle than the appearance of
an isoluminant gray screen. The problem with the design of the
visual stimuli in this experiment (and others like it) is that the
angular size of the black circle does not directly correspond with
the angular resolution required to see it. The appearance of the black
circle will result in a noticeable drop in radiance for all receptive
fields smaller than the whole screen. Therefore, though 4. granulata
was found to respond to a 9 deg solid angle black circle, this
stimulus could be discerned from an isoluminant gray screen by an
eye with a spatial resolution of 60 deg solid angle or perhaps even
coarser.
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Fig. 6. Neuropil is subdivided into additional layers in A. granulata compared with other chitons. In all images, obtained via confocal microscopy, cell
nuclei are labeled with DAPI and displayed in blue, and neuropil is labeled with anti-FMRF-amide and displayed in magenta. The images are paired showing
the same tissue labeled with (A,C,E,G) DAPI and FMRF-amide, and (B,D,F,H) DAPI alone for clarity with neuropil annotated with roman numerals or
numbers. (A—F) Cross-sections of lateral nerve cords from the chiton species (A,B) Acanthopleura granulata, (C,D) Chiton tuberculatus and (E,F)
Ischnochiton papillosus. The lateral nerve cord of A. granulata (A,B) has a central neuropil layer that is dorsoventrally flattened, and an invaginating vein of
cell bodies that largely subdivides the neuropil into two parts (1,I1). In comparison, the lateral nerve cords of the other species investigated (C—F) have circular
central neuropil layers (l) and outer layers of neuronal cell bodies. (G,H) Cross-section of the anterior half of the circumesophageal nerve ring of A. granulata.
In most chitons, this cross-section would show only three layers of neuropils, corresponding to the lateral, ventral and cerebral neuropil subdivided by
interspersed veins of cell bodies, but in A. granulata, we see five layers of neuropil: (1) lateral neuropil, (2) new neuropil layer in A. granulata, (3) ventral
neuropil, (4) new neuropil layer in A. granulata and (5) cerebral neuropil. The neuropil layers 2 and 4 have not been reported in other chitons. Scale bars:

(A—H) 50 pm.

The visual stimuli that we displayed in our behavioral trials in this
study minimized luminance artifacts by using checkerboard
backgrounds over which isoluminant gray circles loomed.
Because the background is unchanging and the gray circle is
isoluminant, the overall radiant flux emitted by the screen is
unchanging despite the looming circle. The threshold receptive field
size of individual photoreceptors for which a stimulus is not
isoluminant is equal to or less than twice the width of each of the
squares that comprise the checkerboard background. Animals
whose eyes have photoreceptors with receptive fields smaller than
this threshold can visually detect the looming circle. For eyes with
photoreceptors whose receptive fields are larger than this threshold,
the stimuli design we employed prevents luminance artifacts that
could yield inaccurately fine estimates of spatial resolution.

Acanthopleura granulata demonstrates polarization
sensitivity

Our results show that A. granulata behaviorally responds to AoLP
contrasting looming stimuli, which can only be detected using
polarization vision. Intriguingly, the retinas of 4. granulata do not
appear to be intrinsically polarization-sensitive like those of other
invertebrates that can distinguish AoLP, such as arthropods and
cephalopods. Most of these animals achieve polarization vision
using rhabdomeric photoreceptors with photoreceptive regions that
consist of dense arrays of parallel microvillar extensions. These

microvillar arrays are maximally sensitive to light with an e-vector
that is aligned with their long axis, making the photoreceptors that
bear them maximally sensitive to light of a set AoLP (Marshall and
Cronin, 2011). By arranging these microvillar photoreceptors
orthogonally and performing opponency processing on their
outputs, some arthropods and cephalopods are able to extract the
AoLP information from visual scenes (Marshall and Cronin, 2011).
Based on morphological descriptions of retinas from other eyed
chitons (e.g. Onithochiton neglectus; Boyle, 1969), we infer that the
photoreceptors in the retinas of 4. granulata have microvillar
extensions, but are organized in radially symmetric arrays. Radially
arranged photoreceptors combined with camera-type optics likely
make the retinas of 4. granulata sensitive to a wide range of e-vector
angles of light, but preclude polarization vision through any well-
established methods.

Without the canonical morphological traits associated with
polarization vision, how is 4. granulata sensitive to AoLP-
contrasting stimuli? An intriguing feature of the eyes of A.
granulata is that their aragonitic lenses are birefringent (Speiser
etal, 2011; Li et al., 2015). Aragonite is a pseudo-uniaxial crystal,
so the double refraction of an aragonite lens could be minimized by
aligning the c-axis of the crystalline material with the optical axis of
the eye. In fact, the uniaxial calcitic lenses found in the schizochroal
eyes of trilobites are oriented in this way, which effectively
preserves image contrast by not forming two images simultaneously
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(Towe, 1973). A previous study reported that the aragonitic lenses
of A. granulata have c-axes offset from the optical axes of eyes by
45 deg, so the lenses are functionally birefringent and form two
images within single eye chambers (Li et al., 2015). This has been
interpreted as a potential way for A. granulata to keep focused
images on their retinas in both air and water, despite having static
optical organs that cannot adjust focus by changing lens shape or
location, a method for focusing employed by other camera-type eyes
(Speiser et al., 2011; Li et al., 2015).

Beyond allowing the eyes of A. granulata to form in-focus
images in water and air, birefringent lenses will focus light to
different focal planes depending on its AoLP. In this way, a
birefringent lens may selectively focus features of certain AoLP
onto the underlying retina. We currently do not know how the
c-axes of the lenses of 4. granulata are aligned with respect to one
another, but it is likely that they vary across the network of eyes
(Friedrich et al., 2021 preprint). If the eyes were located on a flat
surface it would be possible for the c-axes of their lenses to be
aligned, but this is not the case for the eyes of 4. granulata because
they are located on multi-curvature shell plates. Aligning the c-axes
of all of these lenses would disrupt the focal distances of individual
eyes across the visual array. If c-axis orientation was stochastically
distributed across the array of lenses, neighboring eyes (which have
highly overlapping visual fields) would selectively focus different
AoLP features of the same visual scenes. Non-polarized visual
features would be detected by all eyes viewing them, whereas
linearly polarized visual features would be selectively detected by a
subset of eyes. Some eyes will have the c-axes of their lenses
oriented such that polarized images fall on their retinas, whereas
others will have the c-axes of their lenses oriented such that
polarized images fall either in front of or behind their retinas.
Although future studies are required to show proof of this
mechanism, it could be a novel approach to polarization vision
and a unique benefit of sensing with an array of non-homogenous
sensory organs.

We have shown that A. granulata achieves polarization
sensitivity and likely does so using a novel mechanism: a
birefringent lens. However, we have yet to learn whether
polarization vision is functionally beneficial to 4. granulata or
whether it is a non-adaptive consequence of their aragonite lenses
(i.e. birefringent lenses in chitons may be an optical spandrel; Gould
and Lewontin, 1979; Gould, 1997). Many animals with polarization
vision use it for tasks such as reducing glare to improve visual
contrast, navigating using celestial polarization cues, perceiving
polarized sexual signals and detecting water from the air (Marshall
and Cronin, 2011). Eyed chitons are thought to use spatial vision to
detect predators (Speiser et al., 2011), but it is unclear how
polarization vision would help them do so. Some eyed chitons, such
as Acanthopleura gemmata (Chelazzi et al., 1987), demonstrate
homing behaviors that could be aided by polarized celestial cues,
such as those used for navigation by certain arthropods (e.g.
Scarabaeus zambesianus; Dacke et al., 2003). Currently, homing
behavior in eyed chitons is thought to be explained by chemical trail
following (Chelazzi et al., 1987), but it is common for invertebrates
to use multimodal cues when navigating (Buehlmann et al., 2020;
Mongeau et al., 2021).

Acanthopleura granulata likely processes visual information
using decentralized circuits

Our results demonstrate that the optic nerves of A. granulata
innervate the lateral neuropil and do not appear to innervate any
other neural structure. First, we are confident that the optic neurites

terminate in the lateral neuropil and that their arborizations were
fully labeled: we observed the same optic nerve arborization
patterns across multiple specimens of 4. granulata that varied in
body size and across eyes with different spatial locations on the
same shell plates. Seeing similar arborization patterns across
preparations suggests complete labeling of optic nerves because
the lipophilic dyes we injected into eyes had different diffusion
distances in all of these cases. Second, we interpret the periodic
varicosities that we observed along optic neurites in the lateral
neuropil as synaptic boutons of en passant synapses, which are
commonly found in molluscan neurons (Petralia et al., 2021). We
observed these varicosities in multiple specimens, and did not
observe them in the optic neurites outside of their areas of
arborization along the lateral neuropil. Molluscan neurons
commonly provide and receive synaptic connections along their
unipolar neurite arborizations (i.e. they do not have dendrites near
their cell bodies), so it is likely the optic neurites in A. granulata
form synaptic connections with interneuron arborizations located in
the lateral neuropil (Ramoén y Cajal, 1904).

The optic nerves that innervate the lateral neuropil appear to form
a decentralized visuotopic map (Fig. 7). This map is decentralized
because the lateral neuropil is a relatively large cordal neural
structure that circumnavigates the body, and the optic nerves appear
to innervate along its entire extent. If visual information was
processed centrally in 4. granulata, we would expect the optic
nerves to target a central location or specific interneurons, as
happens for sensory afferents in the spinal cords of vertebrates
(Straka et al., 2014). Instead, in A. granulata, we see optic nerves
targeting broad regions of the lateral neuropil with wide
arborizations that travel bidirectionally and seemingly make
synaptic connections across the extent of the arborization. If we
saw the optic nerve arborizations occupying discrete regions of the
lateral neuropil (i.e. if they were non-overlapping), we would
conclude that the primary visual map is spatiotopic, where the
spatial positions of eyes are mirrored in the positions of their optic
nerve arborizations. In this scenario, the visual information from
individual eyes would be initially segregated. Instead, we find that
the optic nerve arborizations from separate eyes are highly
overlapping within the lateral neuropil, which suggests the
primary visual map may be visuotopic rather than just spatiotopic.
In this scenario, it is regions of the visual field that are initially
mapped onto the lateral neuropil, not input from individual eyes
(Fig. 7). Because the eyes have wide and highly overlapping visual
fields, their optic nerve arborizations must traverse correspondingly
large distances of the lateral neuropil to reconstruct regions of visual
space, a prediction consistent with our observations.

Visual information is likely processed by A. granulata in
decentralized circuits within its lateral neuropil because the optic
nerves form an extensive decentralized visuotopic map along the
entire extent of the lateral neuropil. Decentralized architectures may
be common for sensory-motor circuits in chitons: previous
experiments have demonstrated decentralized neural control of
muscular systems in chitons, including their heart (Matsumura and
Kuwasawa, 1996). We predict that the decentralized circuits in the
lateral neuropil integrate visual information with information from
other sensory modalities to guide motor behaviors. We make this
prediction because numerous peripheral sensory organs of
non-visual modalities, including non-eye aesthetes, likely project
sensory afferents to the lateral neuropil (von Knorre, 1925; Sigwart
etal., 2014). The lack of a large central neural structure and the large
number of sensory organs suggest chitons integrate sensory
information locally. Given the lack of numerous well-defined
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Fig. 7. Model of visual system integration in the eyed chiton A. granulata. (1) Each photoreceptor ventrally projects a neurite that fasciculates with other
neurites from the same eye to form an optic nerve. (2) The optic nerve travels laterally through a network of channels to reach the edge of the shell plate. The
optic nerve emerges from the canal network at the edge of the shell plate and defasciculates with other optic nerves to form a neural plexus. (3) The
defasciculated neurites converge and fasciculate to form a large aggregate nerve which passes through an insertion slit to exit the shell plate and enter the
underlying body tissues. (4) After traversing an insertion slit, the optic nerve defasciculates from other optic nerves to take an isolated pathway along the roof
of the pallial cavity towards the lateral neuropil. (5) Upon contacting the lateral neuropil, the optic nerve splits to traverse two separate parallel tracts. (6) Each
of these tracts travels bidirectionally along the lateral neuropil. The eyes of A. granulata have wide and overlapping visual fields and we propose different
areas of the visual field (A—C) map to corresponding regions of the lateral neuropil (a—c) such that the lateral neuropil is structured as a visuotopic map.

tracts within the lateral neuropil that the separate sensory modality
afferents could target, it is likely that sensory afferents of different
modalities synapse with either the same or neighboring
interneurons, which must then directly or indirectly mediate motor
actions. It will be intriguing to learn how chitons guide their
complex behaviors by efficiently constructing higher-order
decentralized representations of multimodal sensory cues and then
coordinating the multiplicity of these representations located around
their bodies.

Sensory information processing in medullary cords

We have a poor understanding of sensory information processing in
medullary cords such as the lateral neuropil of 4. granulata, in large
part because most of our knowledge about sensory information
processing comes from studying neural circuits found in centralized
ganglia. Well-studied neural circuits in molluscs tend to contain
relatively large neurons with well-defined connections to each other
(e.g. Aplysia swim reflex circuit; Hawkins et al., 1989), but the
neural circuits found within medullary cords often include
numerous small neurons with complex interconnections (Faller

et al., 2012; Matsumura and Kuwasawa, 1996; Zullo et al., 2019).
The small sizes of these neurons combined with their complex
interconnections has made it difficult to apply conventional
neurobiological techniques to understand the flow of information
within medullary cords. Addressing this challenge will be a crucial
step towards understanding how circuits within medullary cords
process complex sensory information, such as that associated with
spatial vision, polarization sensitivity and multimodal sensory
inputs.

Our results suggest that the evolution of spatial vision in chitons
involves changes to both sensory organs and neural architecture.
Spatial vision in 4. granulata appears linked to the evolution of
image-forming eyes, as well as the subdivision of the lateral
neuropil. How may a subdivided lateral neuropil contribute to visual
processing in chitons? Optic neurites in A. granulata project to both
tracts of the lateral neuropil, indicating these tracts do not represent
modality-specific neural pathways. It is possible, however, that
these tracts are associated with different sets of behaviors, e.g. motor
responses that control defensive clamping responses versus those
that control crawling. It is also possible that these tracts are
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associated with the motor control of different tissues, e.g. muscle
fibers in the girdle versus those in the foot. It is notable that the
lateral neuropil of C. tuberculatus, a chiton with eyespots, resembles
that of eyeless chitons in its lack of subdivision. Chitons with shell
eyes and subdivided lateral neuropil, such as 4. granulata, may have
distributed visual systems that differ fundamentally from those of
chitons with eyespots and undivided lateral neuropil, such as
C. tuberculatus. From previous studies, we have learned that the
visual systems of A. granulata and C. tuberculatus incorporate
different light-sensing organs and provide information that informs
different light-influenced behaviors (Speiser et al., 2011; Kingston
et al., 2018). From the present study, we have learned that these
distinct visual systems may be associated with different approaches
to visual processing. Comparative studies of behavior and
neuroanatomy, conducted within a phylogenetic framework, will
help reveal more about the co-evolution of sensory organs, light-
influenced behaviors and neural architectures within chitons.

Although we have a poor understanding of neural processing
within medullary cords, they appear to be well suited for processing
distributed sensory information and coordinating distributed motor
control (Zullo et al., 2019). Among the most complex distributed
sensory-motor networks are the bodies of octopuses, and running
the length of each of the eight arms is a medullary cord (Shigeno
et al., 2018). These medullary cords play an important role in the
peripheral sensory-motor circuits, which octopuses rely on heavily
to efficiently control their complex distributed hydrostatic bodies
(Zullo et al., 2019). Chitons may be a simpler system in which to
investigate the abilities and limits of decentralized cord-based
processing because they lack the large brain found in octopuses. By
studying distributed biological sensory processing networks such as
the lateral neuropil of 4. granulata and the medullary cords in the
arms of octopuses, we may gain novel perspectives on effective and
efficient ways to process large amounts of information generated in
distributed sensor and information networks. Centralized networks
often struggle with efficiency and coordination as they scale, and
eventually centralized processing schemes become untenable
(Sadler, 2005). Biological distributed processing networks, like
those of chitons and cephalopods, may inspire solutions to this
challenge because they have to maintain efficiency and
effectiveness throughout ontogenetic scaling, and thus may offer
unique insight into scale-invariant network topologies.
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