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ABSTRACT
The apposition compound eyes of stomatopod crustaceans contain a morphologically
distinct eye region specialized for color and polarization vision, called the mid-band. In two
stomatopod superfamilies, the mid-band is constructed from six rows of enlarged ommatidia
containing multiple photoreceptor classes for spectral and polarization vision. The aim of this
study was to begin to analyze the underlying neuroarchitecture, the design of which might
reveal clues how the visual system interprets and communicates to deeper levels of the brain
the multiple channels of information supplied by the retina. Reduced silver methods were
used to investigate the axon pathways from different retinal regions to the lamina ganglionaris and from there to the medulla externa, the medulla interna, and the medulla terminalis. A swollen band of neuropil— here termed the accessory lobe—projects across the
equator of the lamina ganglionaris, the medulla externa, and the medulla interna and
represents, structurally, the retina’s mid-band. Serial semithin and ultrathin resin sections
were used to reconstruct the projection of photoreceptor axons from the retina to the lamina
ganglionaris. The eight axons originating from one ommatidium project to the same lamina
cartridge. Seven short visual ﬁbers end at two distinct levels in each lamina cartridge, thus
geometrically separating the two channels of polarization and spectral information. The
eighth visual ﬁber runs axially through the cartridge and terminates in the medulla externa.
We conclude that spatial, color, and polarization information is divided into three parallel
data streams from the retina to the central nervous system. J. Comp. Neurol. 467:326 –342,
2003. © 2003 Wiley-Liss, Inc.
Indexing terms: lamina ganglionaris; neuropils; accessory lobe; retina-lamina projection;
crustacea; mantis shrimp

Stomatopod crustaceans inhabit shallow, well-lit, and,
therefore, spectrally rich tropical and subtropical seas.
They are aggressive diurnal predators that also exhibit
complex social behavior, which frequently involves the
display of a great diversity of colored and polarized body
markings (Caldwell and Dingle, 1976; Marshall et al.,
1996, 1999). Stomatopods show true color and polarization
vision (Marshall et al., 1996, 1999).
The apposition compound eyes of most stomatopod species comprise an elaborate trinocular design (Marshall et
al., 1991a), which appears to be unique in the animal
kingdom. Each eye consists of a dorsal and a ventral
hemisphere bisected by distinct rows of specialized ommatidia. This distinct eye region is called the mid-band (MB).
© 2003 WILEY-LISS, INC.

In two of the superfamilies (Gonodactyloidea and Lysiosquilloidea [Ahyong and Harling, 2000]), this MB is typi-
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cally composed of six rows of enlarged ommatidia. Rows
1– 4 contain receptors with 12 spectral sensitivities (Marshall, 1988; Cronin and Marshall, 1989; Marshall and
Oberwinkler, 1999; Fig. 1), whereas rows 5 and 6 combined have a polarization vision system containing four
e-vector sensitivities in two spectral bands (Marshall et
al., 1991a). Most ommatidia throughout each of the two
hemispheres and all of the MB share visual ﬁelds, providing stereoscopic vision in a single eye (Exner, 1891; Schiff
et al., 1985; Marshall, 1988; Marshall and Land, 1993).
The narrow trinocular strip viewed by each eye is moved
through space by complex, largely independent eye movements (Land et al., 1990). As it is swept over an object, the
MB presumably analyses it for color and polarization, and
the two hemispheres determine the object’s distance. The
stomatopod eye, therefore, provides multiple, parallel
streams of information about color, polarization, and distance of an object, as well as information about object
movement, texture, and structural attributes of the world
the eye views.
This study is the ﬁrst to examine, in gonodactyloid
stomatopod species, how this information might be processed by eye-stalk neuropils before being sent to the
brain. The central questions addressed are the following:
ﬁrst, are the lamina ganglionaris (lamina), the medulla
externa (ME) and the medulla interna (MI) subdivided in
a way that reﬂects the known functional subdivisions of
the retina? Second, is the retina-to-lamina projection pattern retinotopic, and if so, how are axons arranged within
this projection to segregate speciﬁc data streams? Third,
how is the lamina optic cartridge (LC) organized and how
might spectral information be processed by it?
We describe accessory lobes in the lamina, ME, and the
MI that represent and receive inputs from the retina’s
MB. This organization suggests that speciﬁc visual functions are segregated at least to this level. We found that
information coming from each ommatidium is projected
retinotopically by receptor axons into the lamina and that
the two spectral or polarization channels within one ommatidium are represented at two distinct strata in the
lamina. We conclude that three parallel data streams
(spatial, color, and polarization information) project to the
brain and that all ommatidia show identical neuronal
wiring between the retina and the lamina.

Retinal structure
Knowledge of the many retinal specializations of MB
ommatidia in Gonodactyloidea species is essential for interpreting the subretinal neuroarchitecture, and we shall
start with a brief description of this. Stomatopod retinas
possess fused rhabdoms like most malacostracan crustaceans. All ommatidia of the retina consist of an overlying
small tier of photoreceptors, contributed to by retinular
cells no. 8 (R8) and a much longer proximal tier, formed by
retinular cells no. 1–7 (R1–R7; Fig. 2; Marshall et al.,
1991a). In ommatidia of the hemispheres and MB rows 5
and 6, R1–R7 cells are divided into two cell groups (R1, R4,
R5 and R2, R3, R6, R7), which form highly ordered, interdigitating, orthogonal layers of microvilli (Fig. 2). These
form the information channels for the analysis of polarized light (Marshall, 1988; Marshall et al., 1991a; Marshall et al., 1999), as found in certain malacostracan species (Waterman and Fernandez, 1970; Bernard and
Wehner, 1977; Stowe, 1977; Waterman, 1981; Sabra and
Glantz, 1985). The spectral sensitivities of the overlying

327
R8 cells range from 312 to 380 nm (Cronin et al., 1993;
Marshall and Oberwinkler, 1999).
In rows 5 and 6 of the MB, the microvilli of rhabdomeres
have an extraordinarily high degree of order and, therefore, make ideal polarization analyzers. In contrast to
other retinal areas, the R8 cells of MB rows 5 and 6
possess unidirectional microvilli, presumably sensitive to
a third plane of polarization arranged at 45 degrees to the
orthogonal R1–R7 cells below (Fig. 2). As R8 (ultraviolet
[UV]) and R1–R7 (green) are spectrally different (Cronin
et al., 1993; Marshall and Oberwinkler, 1999), they possibly supply separate neural pathways.
In MB rows 1– 4, the two cell groups (R1, R4, R5 and R2,
R3, R6, R7) have become modiﬁed from the basic crustacean R1–R7 long fused rhabdom to form two separate
retinal tiers (Fig. 2). These tiers have different spectral
sensitivity and contain different visual pigments (Cronin
and Marshall, 1989; Cronin et al., 1994b). MB rows 2 and
3 possess colored long-pass ﬁlters at the junction of their
tiers (Fig. 2), which narrow and modify the rhodopsin’s
broad sensitivity in addition to the retinal tiering effect
(Marshall, 1988; Marshall et al., 1991b; Cronin et al.,
1994a). Each retinular cell (including the UV-sensitive
overlying R8 cells of MB rows 1– 4) possesses an orthogonal set of microvilli (Fig. 2), which greatly reduces the
overall sensitivity for polarized light (Marshall et al.,
1991a). Therefore, MB rows 1– 4 are exclusively concerned
with color vision. The 12 narrow, sharply tuned spectral
sensitivities (Fig. 1) produce a continuous spectral analysis covering chromatic space from 300 to 700 nm (Marshall
et al., 1991b, 1996; Marshall and Oberwinkler, 1999;
Chuan-Chin et al., 2000).

MATERIALS AND METHODS
Terminology
The ﬁrst three neuropils lying behind the retina are in
crustaceans classically called the lamina ganglionaris,
ME, and the MI. We adhere to this terminology in stomatopods with one exception: The analogy of the crustacean lamina ganglionaris and the insect lamina is so clear
that the insect terminology is simply applied to stomatopods (Strausfeld and Nässel, 1981; Nilsson and Osorio,
1997; references for used abbreviations: Trujillo-Cenóz
and Melamed, 1963; Elofsson and Dahl, 1970; Marshall et
al., 1991a.

Animals
All results were obtained from observations on Haptosquilla glyptocercus and Haptosquilla trispinosa. These
were compared with six other gonodactyloid species: Chorisquilla trigibbosa, Pseudosquilla ciliata, Gonodactylus
smithii, Gonodactylus chiragra, Gonodactylus platysoma,
and Gonodactylaceus mutatus. It was assumed that the
neural wiring beneath the retina is very similar in all
Gonodactyloidea stomatopods, due to their identical retinal arrangement. Adult animals were collected on permissible sites according to GBRMPA (Great Barrier Reef Marine Park Authority) on Heron and Lizard Island (Great
Barrier Reef, Queensland, Australia). The animals were
shipped to the University of Queensland and kept in marine aquaria approved by AQIS (Australian Quarantine
Inspection Service) and Environment Australia Wildlife
Protection. Animals were killed by decapitation. The eyes

Fig. 1. Spectral sensitivity curves of the mid-band photoreceptors
in Gonodactylus oerstedii. A: Diagram of a sagittal view of the retina,
which shows the three-tiered rhabdoms of MB rows 1– 4 (refer to Fig.
2) from which the sensitivity curves are taken. DH, dorsal hemisphere; VH, ventral hemisphere; 1– 6, mid-band rows 1– 6; R8, overlying retinular cell 8; R1–R7, main rhabdom formed by retinular cells
1–7. Reproduced from Marshall et al. (1991a). B: Spectral sensitivity
curves of the ultraviolet-sensitive R8 cells of mid-band (MB) rows 1– 4.
So far only one of the R8 sensitivities of MB rows 2 and 3 has been
measured but not speciﬁed. Thick line, row 4; thin line, row 1; dotted
line, row 2 or 3. C–F: Sensitivity curves of MB rows 1– 4 main rhabdoms (marked in insert). Thick lines, proximal tier; thin lines, distal

tier. Each ommatidium contains a pair of narrow spectral sensitivities, with peak sensitivities separated by approximately 30 to 60 nm.
The proximal tier is sensitive at longer wavelengths than the distal
tier. In all graphs, the x-axis indicates wavelength and the y-axis
sensitivity. It is suggested that each of the MB rows 1– 4 contains a R8
sensitivity in the ultraviolet range, which makes a total of 12 spectral
sensitivities in the stomatopod color vision system (refer to Marshall
et al., 1998). At least from 400 to 700 nm, the receptors appear to be
arranged in four spectrally adjacent, narrowly tuned pairs, one pair
per row, which suggests four opponent channels. Because each dichromatic system only covers a small amount of the spectrum, the animal
appears to have increased the number of photoreceptors.
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Fig. 2. Diagrams of the three rhabdom types (I–III) found in
Gonodactyloidea stomatopod species, which possess a six-rowed midband. VH, ventral hemisphere; DH, dorsal hemisphere; R1–R7, retinular cells 1–7; R8, retinular cell 8; DR1-7, distal row of rhabdom;
PR1-7, proximal row of rhabdom; rows 1– 6, mid-band rows 1– 6. Each
rhabdom has an overlying ultraviolet-sensitive R8 cell. The main
rhabdom R1–R7 exists in a single tier in type I rhabdoms but is
divided into two tiers separating R1, R4, and R5 from R2, R3, R6, and
R7 in types II and III rhabdoms. In mid-band row 2, the cell groups
that make up DR1-7 and PR1-7 are inverted. Type II also possesses
colored photostable ﬁlters at the junctions between tiers. The arrows
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next to the diagrams indicate the microvillar directions found within
each retinal region. The cells producing them are listed beneath.
Small numbers indicate that the cell only supplies a minority of
microvilli. Orthogonality of microvilli within one cell (crossed arrows)
leads to polarization blindness. The cell arrangement in MB row 6 is
twisted 90° counterclockwise compared with MB row 5 (refer to Fig.
8), but notice that each cell group in row 6 produces microvilli arranged perpendicularly to the ones produced by the same cell group in
row 5, so that they are actually sensitive to the identical e-vector
direction of polarized light. Modiﬁed from Marshall et al. (1991a).
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were then removed from the head, and the cornea was slit
for better penetration of ﬁxative. All procedures were approved by the Animal Experimentation Ethics Committee
(UAEC) of the University of Queensland.

Silver stains
The optic lobes of over 40 animals were stained by a
variety of selective silver techniques (Rowell’s procedure
[Rowell, 1963], Holmes-Blest [Blest, 1961], Bodian Protargol [Gregory, 1970], and Nonidez method [Nonidez, 1939])
as well as standard toluidine blue. The most reliable and
effective methods tried were Rowell’s procedure and the
Nonidez method. In both cases, the tissue was dehydrated
in an ascending alcohol series, embedded in parafﬁn wax
(ﬁbrowax), and cut at 8 –25 m in the transverse, longitudinal, and sagittal plane. Histoclear (Raymond A.
Lamb, Ltd., United Kingdom) instead of xylene was used
as clearing agent. For Rowell’s procedure, the tissue was
ﬁxed for 48 hours in Alcoholic Bouins ﬁxative (Romeis,
1968), embedded, sectioned, dewaxed 1 hour in 20% silver
nitrate at 37°C in the dark, then incubated in a solution
containing 12.8% 0.2 M boric acid, 3.2% 0.05 M sodium
tetraborate, 4% lutidine, and 0.08% silver nitrate (pH 7.8).
The tissue was then developed for 5–10 minutes at room
temperature in a solution of 8.2% crystalline sodium sulphite, 0.03% hydroquinone, and 0.135% silver nitrate;
washed in tap water; and then subsequently toned in 0.2%
gold chloride in acetic acid. The tissue was then reduced
for 5 minutes in 2% oxalate and ﬁxed for at least another
5 minutes in 5% sodium thiosulphate. For chloral hydrate
staining, whole eyes were ﬁxed for 2 days in 25% chloral
hydrate in 50% ethanol and then transferred to ammoniated ethanol for 24 hours followed by a quick rinse in
water. They were then kept in the dark at 37°C for 5 days
in a 2% solution of silver nitrate. The tissue was then
reduced for 24 hours in a solution of 3% pyrogallol and 8%
formalin. After a ﬁnal wash for 3 hours in distilled water,
the eyes were dehydrated for 24 hours in 50% ethanol
followed by an ascending ethanol series, embedded, and
sectioned. All sections were viewed under a Zeiss Axioskop
microscope using brightﬁeld-transmitted light microscopy
(plan-neoﬂuar 10⫻/0.30, 20⫻/0.5, and 40⫻/0.9 oil objectives) and serial photographs taken with a SPOT digital
camera (DIAGNOSTIC Instruments, Inc.), using SPOT
3.0.5 software. Additionally, axonal projections were
drawn on a Zeiss Axioplan microscope, using a drawing
tube and a plan-neoﬂuar 10⫻/0.30 objective.

Axon tracing
Most observations reported in this study are derived
from high-resolution light microscopy of serial semithin
resin sections. In order that the position of axon proﬁles
could be transferred between consecutive photomicrographs with least ambiguity, the pathways of axons have
been reconstructed from transverse sections throughout.
In areas where retinular cell axon proﬁles could not be
traced with complete conﬁdence, serial transmission electron photomicrographs were used to overcome the limitations of the light microscopic resolution. The methods
outlined here, therefore, complement each other.
Whole eyes were ﬁxed overnight in 2.5% glutaraldehyde
and 15% sucrose in 10 mM ethyleneglycoltetraacetic acid
and 0.1 M PIPES (sesquisodium salt, ICN Biomedicals,
Inc., Costa Mesa, CA), post-ﬁxed for 2 hours on ice (with
the eyestalk removed) in 1% osmium tetroxide and 1.5%

potassium ferricyanide, then dehydrated in an ascending
series of ethanol and embedded in hard Spurr’s.
Serial transverse sections from the retina to the lamina
were cut with glass knives at 1 m thickness and stained
with toluidine blue. The retinular cells of 5 to 10 neighboring ommatidia of each MB row and one row of each
hemisphere were numbered according to Marshall et al.
(1991a), and their axons were traced from the retinal
basement membrane to the lamina. This tracking was
done by taking serial photographs with a Zeiss Axioskop
microscope (brightﬁeld optics, plan-neoﬂuar 20⫻/0.5, 40⫻/
0.9 oil, and 63⫻/1.25 oil objectives) equipped with a digital
SPOT camera and supplemented by camera lucida drawings made on a Zeiss Axioplan microscope (brightﬁeld
optics, plan-neoﬂuar 40⫻/0.9 oil objective). For tracing in
the region of the inner ganglion cell layer (IGL), where
retinular cell axon diameters decrease dramatically, and
for observations of the termination patterns in the lamina,
thin sections with a silver or grey interference color were
cut on diamond knives. They were collected on uncoated
copper grids and stained with 5% uranyl acetate followed
by Reynold’s (1963) lead citrate for study under a JEOL
1010 transmission electron microscope. Photographs were
digitized on a Leafscan 45 (Leaf Systems, Inc., MA) and
modiﬁed in brightness and contrast by using Adobe Photoshop 4.0 (Adobe Systems, Mountain View, CA).

RESULTS
Accessory lobes of the optic neuropils
In general the optic neuropils are subdivided in a way
that reﬂects the functional organization of the retina: a
ventral and a dorsal part, which are mirror-symmetric to
each other, and a distinct equatorial band (the accessory
lobe) receiving axonal projections from the MB. The canoeshaped lamina is divided into a dorsal and a ventral eye
half bisected by a band of cartridges that represent the
MB (Fig. 3). In transverse sections, the MB LCs are twice
the length and somewhat wider (approximately 10 m
wide and 30 m long) than cartridges representing the
hemispheres of the eye, and the MB lamina is twice as
thick (approximately 30 m) as the hemispheric lamina
(Figs. 3, 4B–D, 5). Therefore, LCs representing the MB
provide an elevated band of lamina tissue (Figs. 4B,C, 6B),
termed the lamina accessory lobe, with LCs representing
MB rows 5 and 6 extending even further distally, making
them the most prominent (Fig. 6A).
An anteroposterior inversion of the retina occurs at the
ﬁrst optic chiasma, which is situated between the lamina
and the ME (Fig. 4B–D). This inversion is reversed between ME and MI in the second optic chiasma (Fig. 4B–F).
The kidney-shaped ME and MI of all species studied
clearly consist of three portions: a ventral and dorsal half,
supplied by axons representing the two hemispheres, and
an accessory lobe, which is situated distally and is oriented along the line of the corneal MB (Figs. 3, 4, 6B).
Reduced silver preparations reveal that axons from photoreceptors of all six mid-band rows project exclusively to
the lamina accessory lobe and from there to the accessory
lobe of the ME (Figs. 3, 4, 6). Axons from beneath the ME’s
accessory lobe project across the second chiasma and likewise terminate in the bulge-like accessory lobe of the MI
(Fig. 4E,F). No direct axon connections appear to be
present between the accessory lobes (representing the
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Fig. 3. Chloral hydrate impregnated transverse sections through
the lamina and medulla externa of Haptosquilla glyptocercus. DH,
dorsal hemisphere; VH, ventral hemisphere; DHLC, dorsal hemisphere lamina cartridges; VHLC, ventral hemisphere lamina cartridges; MB, mid-band; ME, medulla externa; MEAcc, medulla externa accessory lobe. A: Lamina cartridges of the hemispheres (C1),
MB rows 1– 4, and MB rows 5 and 6 can be anatomically distinguished. In the MEAcc, cartridges of MB rows 5 and 6 appear darker

than cartridges of MB rows 1– 4, due to the more compact arrangement of retinular cell axons (for details see text). B: Transverse
section through the medial part of the ME. MEAcc cartridges of MB
rows 5 and 6 form a separate, more darkly stained area within the
MEAcc. The ﬁber sheet (asterisk) formed by ﬁbers projecting from the
MEAcc to the accessory lobe of the medulla interna bisects the ME
main body into a dorsal and ventral half. Scale bars ⫽ 100 m in A,B.

MB) and the main bodies (representing the hemispheres)
of the ME and MI, but the horizontal stratiﬁcation across
the neuropils suggests some sort of interaction between
the two neuropil parts (Fig. 4E,F). Within the ME and MI,
axons from their respective accessory lobes provide a dis-

tinct sheet of processes, normal to the surfaces of the
neuropils, which bisect the neuropil main bodies into a
dorsal and ventral half (Figs. 3B, 4D–F).
Observations of reduced silver sections reveal that,
within the accessory lobes of the lamina and ME, the
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Fig. 4. Orientation of the accessory lobes of lamina, medulla externa, and medulla interna in Haptosquilla glyptocercus. ME, medulla externa; MI, medulla interna; MEAcc, medulla externa accessory lobe; MIAcc, medulla interna accessory lobe; 64 1, orientation of
mid-band rows 1– 6; Hem, hemispheric lamina cartridges; MB, midband lamina cartridges; Ch1, ﬁrst optic chiasma; Ch2, second optic
chiasma. A: Diagram of a lateral view of the eye with medulla externa
and its accessory lobe shown (reproduction from Strain, 1998).
Planes of sectioning are indicated. B,C: Coronal sections of the
optic neuropils stained with chloral hydrate (C sectioned through
the midline of eye, B more peripheral). The lamina cartridges of the
mid-band rows lie more distal and are elongated compared with

lamina cartridges of the hemispheres. The mid-band ﬁbers project
across Ch1 onto the distinct MEAcc and further by means of Ch2 to
the MIAcc. D–F: Sagittal sections (E and F cut through the midline
of the eye, D more lateral) to show the projecting ﬁbers (arrowheads) from the MEAcc to the MIAcc. The Ch1 and the distinct
projections of hemisphere and mid-band onto medulla externa can
be seen in D. Notice in E and F the lack of direct axon projections
from the MEAcc to the ME main body, but the horizontal stratiﬁcation across the whole neuropil that indicates lateral interactions
between lobe and main body. Fibers projecting from the MEAcc
across the second optic chiasma innervate exclusively the MIAcc.
Scale bars ⫽ 100 m in B–F.

cartridges representing MB rows 5 and 6 appear smaller
and more darkly stained than cartridges representing MB
rows 1– 4 (Fig. 3). This difference was not apparent in the
MI, probably due to the smaller size and less deﬁned
contours of MI columns. Transmission electron microscope
sections showed that the arrangement of retinular cell
axons in LCs of MB rows 5 and 6 is more compact than in
LCs of MB rows 1– 4 (Fig. 5), which reduces the diameter
of the cartridges and gives them a darker appearance in
stained sections.

Retina–lamina projection
Three complete sets of retinular cell axons from 5 to 10
neighboring ommatidia of each MB row and one row of
each hemisphere of Haptosquilla glyptocercus and Haptosquilla trispinosa have been traced from the retina to
the lamina in serial transverse sections (Fig. 7). In all
cases, the ﬁbers originating from one ommatidium map
upon one corresponding LC and none was observed to
diverge to an adjacent cartridge. Similar results have

Fig. 5. Transmission electron photomicrographs of transverse sections at two different levels through the lamina of Haptosquilla glyptocercus, showing the receptor terminals of R1–R7 (A–C, right eye; D,
left eye). 1– 8, retinular cell axons 1– 8; G, neuroglia cell processes.
A: Section through a mid-band row 2 lamina cartridge in the outer
lamina plexiform layer (epl1). R1, R4, and R5 terminate medially,
whereas R2, R3, R6, and R7 do not show any synaptic specializations
yet. Accumulation of mitochondria and rod inclusions (arrow) give the
terminals a dark appearance. Neuroglia cell processes separate the
cartridges. B: Mid-band row 1 lamina cartridge at the level of overlap
between epl1 and the inner lamina plexiform layer (epl2). Retinular

cell 8 projects together with three monopolar cell axons (asterisk)
through the center of the cartridge. At this level, terminals of epl1 and
epl2 overlap. Notice that terminals of epl2 are smaller. C: Lamina
cartridge of the dorsal hemisphere cut at the level of the changeover
from epl1 to epl2. Notice the more circular axon arrangement, the
smaller diameter of retinular cell axons (except retinular cell axon 8)
and the central position of retinular cell 8. Retinular cells 1, 4, and 5
form terminals, whereas retinular cell axons 2, 3, 6, and 7 just start to
form terminals. D: Mid-band row 5 lamina cartridge cut at the
changeover from epl1 to epl2. Notice the more compact but similar
axon arrangement compared with A and B. Scale bars ⫽ 2 m in A–D.
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Fig. 6. Axon bundles are ordered in the horizontal axis when
projecting from the retina to the lamina and further to the medulla
externa. MB, mid-band; ME, medulla externa; MEAcc, medulla externa accessory lobe; r3–r6, mid-band rows 3– 6. A: Transverse section
through the eye of Haptosquilla trispinosa stained with Rowell’s
silver method. Ommatidia of mid-band rows 4 to 6 (top left) map upon

corresponding rows of lamina cartridges (bottom right). Lamina cartridges of MB rows 5 and 6 are formed ﬁrst (for details see text).
B: Slightly oblique coronal section through the left eye of Gonodactylus chiragra, stained with chloral hydrate. Notice the elongated MB
lamina cartridges and their columnar projection onto the MEAcc.
Scale bars ⫽ 50 m in A,B.

been obtained from additional less-extensive series of
sections.
In both species studied, the retina–lamina projection
patterns of all ommatidia follow the same basic plan and
are similar to that described for other malacostracan crustaceans (Nässel, 1976, 1977; Stowe, 1977; Strausfeld and
Nässel, 1981). There is no difference in axon arrangement
between the hemispheres and the MB, except the mirror
symmetry of the upper and lower eye half (with respect to
the equator). For simpliﬁcation, the projection pattern is
here described for ommatidia of the right eye. Ommatidia
of the left eye are mirror images along the medial line of
symmetry of the animal.
Just above the basement membrane (BM) of the retina,
the eight retinular cells from one ommatidium give rise to
a rectangular pattern of axons around the base of the
rhabdom, with the axon of R8 situated between R1 and R7
(Figs. 7A, 8, 9A). The eight axons from each ommatidium
penetrate four holes in the BM, each hole being shared
with axons from an ommatidium of a neighboring row
(Parker, 1897; Kunze, 1968; Nässel, 1976; Stowe, 1977;
Strain, 1998; Figs. 7A, 9A, 10B). Just proximal to the BM,
the axons maintain their arrangement in rectangular,
clearly separated fascicles (Figs. 7B,D, 9A, 10A,D). They
are ﬁlled with retinular screening pigment (Marshall et
al., 1991b) and are up to ﬁve times larger (4 – 6 m) than
they are in the outer ganglion cell layer (OGL; Figs. 7D,
10C–E). Mid-band row 2 and 3 axons are especially pigmented, which makes tracing more difﬁcult. All the axons

from one ommatidium stay within their fascicle while they
rearrange their positions in the fenestration zone between
BM and OGL (Figs. 7B,C, 9, 10A,D). R4 and R5 move
diagonally across the axon fascicle to lie on either side of
R1. The trajectory of R8 shifts from its peripheral position
to the center of the axon fascicle (Figs. 9, 10A). In the
distal OGL, all axons are depigmented and their axon
diameters narrow to approximately 1 m (Fig. 7D; MB
axons around 1 to 1.5 m, hemispheric axons around 0.5
m) except for R8, which maintains a diameter of 2 m all
the way to its ending in the distal ME. The R8 axon can
easily be distinguished from R1–R7 axons by its less
electron-dense cytoplasm (Figs. 5, 7C). At this level, receptor axons are densely packed and three to four circular
fascicles of the same ommatidial row sometimes converge
brieﬂy (Figs. 7C,D, 11A). Individual axons, however, do
not diverge to neighboring fascicles (Fig. 7). There is no
convergence of axon fascicles originating from different
ommatidial rows (Figs. 3A, 6A). R1–R7 form a circle
around the axon of R8 and the whole fascicle rotates 180
degrees clockwise or counterclockwise (Figs. 7D, 8, 9,
10A,D). Axon fascicles from the dorsal side of the line of
retinal symmetry (Marshall et al., 1991a; dorsal hemisphere and MB rows 1 and 2) twist clockwise, whereas the
ones from the mirror symmetric ventral side (ventral
hemisphere and MB rows 3, 4, 5, and 6) twist counterclockwise. Axon fascicles from MB rows 5 and 6 start
rotating earlier than all other fascicles, and their LCs
form ﬁrst (Figs. 6A, 10D). Three monopolar ganglion
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Fig. 7. Tracing of ﬁve retinular axon fascicles from the retina to
the lamina in transverse sections of the right eye of Haptosquilla
glyptocercus, conﬁrming anteroposterior retinotopy between retina
and lamina. The axons originating from ﬁve neighboring ommatidia of
mid-band row 1 have been traced individually in a set of serial 1-m
resin sections but are outlined and labeled as groups corresponding to
their parent ommatidium. The traced retinular axon bundles in this
series are numbered 1 to 5 and are shown at six different levels
between retina and lamina. Sections are numbered consecutively
from the ﬁrst section of the traced series in the proximal retina. BM,
basement membrane. A: Photomicrograph of a portion of the retina
from section 44, showing the ﬁve traced ommatidia approaching the
basement membrane (BM). The proﬁles of the eight retinular axons
from ommatidium no. 5, which penetrate the BM, are marked with
asterisks. B: Photomicrograph from section 56, showing the axon
bundles just proximal to the BM of the retina. C: Photomicrograph
(from section 124) of the retinular axon bundles at the distal border of
the outer ganglion cell layer (OGL). The axons within each fascicle
rearrange their positions and form circular bundles. The axon diam-

eters decrease and axon fascicles of neighboring ommatidia join
brieﬂy. The asterisk marks the centrally situated axon of retinular
cell no. 8 in one of the circular axon fascicles C2. D: Photomicrograph
from section 147, showing the axon fascicles in the OGL. The axon
diameters decrease further, the circular axon bundles separate and
start rotating 180 degrees clockwise on their way to the lamina.
E: Photomicrograph at the distal margin of the lamina neuropil from
section 197. The traced axon fascicle number 1 is just entering the
lamina. The light microscopic resolution in this area is not sufﬁcient
to trace single axons conﬁdently, and serial electron microscopic photomicrographs have been used to overcome these limitations (Fig. 9C).
The separation of the axon groups into lamina cartridges can be seen
clearly. F: Photomicrograph (from section 219 of the series) of the
proximal face of the lamina. The axon fascicle no. 5 is photographed at
the proximal margin of the neuropil. To study the terminal arrangement of the short visual ﬁbers, serial ultrathin sections for electron
microscopy (not shown here) have been used to complement the light
microscopic series (Figs. 5, 11C). Scale bars ⫽ 10 m in A–F

cell axons join each fascicle in the OGL and travel
together with R8 axially through the LC (Figs. 5B, 10A,
11B). Two more monopolar ganglion cells join laterally
in the inner ganglion cell layer (IGL) and travel alongside each LC (Fig. 11A). The array of axon bundles just
distal to the lamina neuropil mirrors both the array of
LCs immediately underlying them and the array of
ommatidia. Minor distortions are imposed upon the coordinates of the array by local excursions of bundles

around cell bodies of the ganglion cell zone. Individual
neighboring ommatidia project as single axon fascicles,
without diverging, upon single corresponding neighboring lamina columns (Fig. 7).
The LCs of stomatopods are comparable to those described in other malacostracan crustaceans (Hafner, 1973;
Stowe et al., 1977; Strausfeld and Nässel, 1981; Elofsson
and Hagberg, 1986). They are regularly arranged and
separated by neuroglia barriers (Figs. 5, 7E,F), as are

Fig. 8. Simpliﬁcation of the retina–lamina projection patterns.
The arrangement of retinular cells in the retina is shown in the left
half of the table (refer to Marshall et al., 1991a) and the axon arrangement within a fascicle at three levels between retina and lamina in
the right half. BM, basement membrane; OGL, outer ganglion cell
layer; retinular cells 1–7 and their axons are numbered; ﬁlled circles,

R8 axon. In the retina, dorsal and ventral hemispheres are mirror
images and so are mid-band rows 1, 2, and mid-band rows 3, 4. The
mirror symmetries are kept up to the lamina. Mid-band rows 5 and 6
show the same axon arrangements as mid-band rows 3 and 4. Note
the similarity of the projection pattern among all ommatidia. The
different shapes of the lamina cartridges are indicated.

STOMATOPOD VISUAL NEUROARCHITECTURE

337

Fig. 9. Mid-band row 1 retina–lamina projection pattern in the left
eye of Haptosquilla glyptocercus. 1– 8, retinular cell axons 1– 8; BM,
basement membrane; G, neuroglia C3; MP, monopolar cell. A: Retinular cell axons penetrate the BM. Transverse 1-m resin section,
stained with toluidine blue. Axons from one ommatidium travel
through four holes in the basement membrane. Three neighboring
ommatidia are numbered. B: Transmission electron micrograph
showing the axon fascicle 90 m proximal to the BM in the outer
ganglion cell layer. The axons of retinular cells 4 and 5 have moved

diagonally through the fascicle to arrange on either side of the axon of
retinular cell 1, and the axon of retinular cell 8 has moved to the
center of the fascicle. C: Transmission electron photomicrograph of
the axon fascicle before it enters the lamina cartridge 150 m below
the BM. The fascicle has twisted 180 degrees counterclockwise (ccw).
The cell bodies of the two monopolar cells that join the axon fascicle in
the inner ganglion cell layer and a neuroglia cell, which lines the
lamina cartridge, are visible. Scale bars ⫽ 2 m in A–C.

optic cartridges in the laminas of diurnal insects (ArmettKibel et al., 1977; Strausfeld and Nässel, 1981). In all
distal cartridges of the stomatopod’s lamina, retinular cell
axons R1 to R7 are situated in two vertically arranged
rows, R1, R4, R5 and R2, R3, R6, R7 ﬂanking the cartridge
on either side of the central monopolar cell axons and the
axon of R8 (Figs. 5, 10A). Lamina cartridges of MB rows
1– 4 are rectangular in shape and R1, R4, and R5 are
clearly separated from R2, R3, R6, and R7 (Fig. 5A,B).
Lamina cartridges of MB rows 5 and 6 are oval in shape
and the arrangement of their retinular cell axons is more
compact, but the two axon groups still appear clearly
separated (Fig. 5D). Cross-sections of hemispheric LCs are
hexagonal in shape and R1–R7 are arranged circularly
around R8 (Fig. 5C). Retinular cell terminals in hemispheric LCs are smaller than in MB LCs, but R8 maintains a constant diameter of approximately 2 m throughout the eye. In all LCs, the two photoreceptor groups
terminate at two lamina strata, with a synaptic output
onto ﬁve monopolar interneurons (Fig. 11C). R1, R4, and
R5 terminate in the distal plexiform layer (epl1), whereas
R2, R3, R6, and R7 terminate in the proximal plexiform
layer (epl2; Figs. 5, 11A,B). There is some overlap between
the terminal processes of epl1 and epl2, so that no deﬁnite
border between the two terminal strata can be observed
(Figs. 5, 11A,B). The irregular, enlarged bag-like structures of the receptor terminals surround the branching
axons of the three monopolar cells originating in the OGL
and the axon of the long visual ﬁber R8 (Figs. 5, 11B),
which has a small terminal in the distal ME (Kleinlogel,
unpublished observation). R8 bears extensive processes in
the lamina plexiform layer, but their synaptic connections
were not investigated in this study. Photoreceptor termi-

nals are ﬁlled with mitochondria and square-shaped rod
inclusions (Hafner, 1973) and can easily be distinguished
from monopolar cell axons, which have a clear cytoplasm
that contains many microtubules (Figs. 5, 11A,B).
Lamina cartridges of the hemispheres (hexagonal), of
MB rows 1– 4 (rectangular) and of MB rows 5 and 6 (oval)
can be distinguished anatomically in cross-sections
through epl1 (Fig. 3), whereas they look quite similar in
epl2. All MB LCs in epl2 are dumbbell-shaped, due to
smaller and more irregular receptor terminals than in epl1
and the increasing number of axially situated monopolar
cell processes (Fig. 7F).

DISCUSSION
By using a combination of light microscopy, silver
stains, and electron microscopy, we have shown the following: (1) Information from the MB is sent to distinct
outswellings at the equator of the lamina, ME, and MI
(accessory lobes). (2) Color and polarization information
from the MB are represented in parallel zones of the
accessory lobes. (3) Retina–lamina projections are retinotopic, with all eight axons from individual neighboring ommatidia of the same retinal row projecting as
single axon fascicles upon single corresponding neighboring LCs, thus preserving spatial information. (4)
Seven short visual ﬁbers end at two distinct strata in
the lamina. An eighth long visual ﬁber penetrates
through the lamina to form a slightly enlarged terminal
in the ME. In this respect, stomatopods are like other
investigated malacostracans.

Fig. 10. Axon projection pattern from the basement membrane to
the lamina. MB, mid-band; M, monopolar cell; LC, lamina cartridge;
FZ, fenestration zone; 1– 8, retinular cell axons 1– 8; r1–r6, mid-band
rows 1– 6; epl1, distal lamina plexiform layer; epl2, proximal lamina
plexiform layer; BM, basement membrane; IGL, inner ganglion cell
layer; OGL, outer ganglion cell layer. A: Simpliﬁed diagram of the
general axon projection pattern for an axon fascicle originating from
an ommatidium of the dorsal half of the right eye. Axons within a
fascicle rearrange in the fenestration zone and then form circular
bundles, which rotate 180 degrees clockwise (CW) in the OGL (for
details see text). R1, R4, and R5 of all mid-band rows and the hemispheres terminate in epl1 on the medial side of the lamina cartridge
and R2, R3, R6, and R7 on its lateral side in epl2. R8 does not
terminate in the lamina and projects together with the ﬁve monopolar
interneuron axons to the next neuropil, the medulla externa.
B: Transverse section at the level of the BM (dark tissue), stained

with the Bodian Protargol silver method. The proximal tips of the
rhabdoms of MB rows 2 and 3 can be seen. Retinular cell axons
originating from neighboring ommatidial rows share holes to penetrate the BM (black). C: Sagittal cryosection. Just proximal to the BM
axons are ﬁlled with retinular pigment. The pigment has diminished
in the OGL where the axon fascicles start to rotate. D: Rowell’s
silver-stained transverse section through the MB at the level of the
BM. The axon fascicles form a regular pattern below the BM. Notice
the rectangular arrangement just below the BM and the circular axon
arrangement in the OGL (marked fascicles). Axon fascicles of MB
rows 5 and 6 arrange circularly earlier than the fascicles of MB rows
1– 4. E: Bodian-Protargol stained MB axon fascicles in a sagittal
section, each projecting from their parent ommatidium onto one single
LC. The swollen and pigmented retinular cell axons proximal to the
BM are visible and the twist of the fascicles in the OGL. Scale bars ⫽
20 m in B–E.

STOMATOPOD VISUAL NEUROARCHITECTURE

339

Fig. 11. Transmission electron photomicrographs of lamina cartridges of Haptosquilla glyptocercus. G, neuroglia cell bodies; M, monopolar cells; RC, retinular cell; OGL, outer ganglion cell layer; IGL,
inner ganglion cell layer; epl1, outer lamina plexiform layer; epl2,
inner lamina plexiform layer; R8, retinular cell 8 axon; LC, lamina
cartridge. A: Coronal view of three neighboring axon fascicles originating in the same retinal row, which join on their way through the
OGL and separate when approaching the IGL, each innervating the

underlying LC of their parent ommatidium. Two monopolar cells
originating in the IGL line each LC, which consists of an outer (epl1)
and an inner (epl2) retinular cell terminal layer. R8 projects axially
through the LC. B: Coronal view of a monopolar cell originating in the
OGL, which travels together with R8 axially through the LC and
shows some arborizations in epl2. C: Axon fascicle from mid-band row
2 of a right eye just proximal to the LC, consisting of the long visual
ﬁber R8 and ﬁve monopolar cell axons. Scale bars ⫽ 2 m in A–C.

Accessory lobes

Interspeciﬁc or intraspeciﬁc confrontation between stomatopods is often violent, so that accurate and swift recognition of an opponent’s display of color and polarization
markings is vital for survival (Caldwell and Dingle, 1976).
By handling incoming information with a large number of
individually specialized receptors (groups of which analyze the same location in visual space) and by processing
receptor outputs immediately, sensory information leaving the retina is already streamed into a parallel series of
data channels. Each of these channels may act as a single
labeled line of visual information.
Special areas of the compound eyes are found in many
other insects and crustaceans. Such areas are thought to
be specialized for speciﬁc visual functions, although generally there is rather little known about how the lamina
and deeper neuropils might relate to such retinal special-

The routes through the neural layers taken by axons
from the MB and those from the hemispheres remain
distinct at least as far as the MI. There is also the suggestion, from gross silver stains only, that this distinction
is preserved to the medulla terminalis. Spatial information, therefore, is processed in parallel with color and
polarization information from the MB. Another set of parallel data streams is found within the MB. Cartridges in
the lamina and ME of MB rows 1– 4 can be anatomically
distinguished from the respective cartridges of MB rows 5
and 6 (Marshall et al., 1998; Figs. 3, 5A,B,D). Therefore,
color and polarization information seem to be processed in
parallel as well, making a total of three parallel information channels in the peripheral visual system of stomatopods.
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izations, and how columns that receive innervation from
specialized retinal regions are structurally different from
neighboring columns. Homberg and Päch (2003) found
that photoreceptor axons from the dorsal rim area in the
locust Schistocerca gregaria project to distinct areas in the
dorsal lamina and medulla. In certain nematoceran
Diptera, such as the Bibionidae, a male-speciﬁc retina is
very obviously associated with a male-speciﬁc lamina, medulla, and lobula complex (Zeil, 1983). Where there is no
distinct neuropil area visible for projections from specialized ommatidia, differences in photoreceptor terminal
depths and unique neuronal assemblies can often be found
within the associated cartridges (Meyer, 1984; Franceschini, 1985; Strausfeld and Wunderer, 1985; Strausfeld,
1989, 1991; Zufall et al., 1989; Gilbert and Strausfeld,
1991). Up to the present, the projection patterns in subdivided crustacean compound eyes, such as the double
eyes of hyperiid amphipods (Land, 1989) or the deepwater Euphausiid crustaceans (Land et al., 1979), have
not been investigated.
Accessory lobes of the lamina and ME can also be found
in gonodactyloid species, which possess a reduced MB of
only two (Parasquilla ferrusacii) or three (Pseudosquillopsis lessonii) rows of ommatidia and in Squilloid species
(Ahyong and Harling, 2000) with an unspecialized tworow MB. Harling (1999) speculated that the neuroarchitecture beneath the retina in species that lack MB ommatidia required for color and polarization vision indicates
the evolutionary loss from a more complex structure
present in a gonodactyloid ancestor.

Retina–lamina projection
The retina–lamina projection in the stomatopod eye is
retinotopic, a pattern common in insects and crustaceans
with fused rhabdoms (Horridge and Meinertzhagen, 1970;
Meinertzhagen, 1976; Nässel, 1976, 1977; Stowe, 1977;
Ribi, 1981; Strausfeld and Nässel, 1981). All receptors of
the retinula share the same optical path and enter the
same LC. The eight retinular cell axons emanating from
each retinal ommatidium show identical wiring between
retina and lamina (Fig. 8). The only difference in the
ordering of axons within axon fascicles is due to the line of
retinal symmetry between rows 2 and 3 of the MB (Marshall et al., 1991a). Developmentally, crustacean and insect compound eyes are two mirror symmetric halves.
There is a clear equator about which the geometries of
receptors and neuron relationships are mirror symmetric
and this symmetry is maintained in the subsequent neuropils.
Strausfeld and Nässel (1981) proposed a retinotopic projection pattern for Squilla mantis, whereas Schiff (1987)
suggested neural pooling for the same species. The latter
ﬁnding has not been conﬁrmed and would be unusual for
fused rhabdoms as found in Squilla mantis. Strain (1998)
described a partial retina–lamina projection pattern for
Gonodactylus oersterdii’s MB row 3, which is similar to the
one described here.
Although retinal specializations like the polarization
and spectral system of the stomatopod MB do not radically
alter subretinal wiring of photoreceptor axons, they might
change the connectivity patterns in the lamina. The threetiered ommatidia of MB rows 1– 4 show identical subretinal axon wiring to that of the two-tiered ommatidia in the
dorsal and ventral eye halves, as do the polarizationsensitive ommatidia of MB rows 5 and 6. The most strik-

ing example of common design is the inverted arrangement of the retinular cell groups forming the two
rhabdomal tiers in MB row 2 (Fig. 2), which has no effect
on subretinal photoreceptor axon arrangement. Another
example is the polarization-sensitive MB rows 5 and 6.
The retinular cell arrangement in the retina of MB row 6
is twisted 90 degrees clockwise in relation to MB row 5
(Marshall et al., 1991a; Figs. 2, 7, 8), but the axon arrangement below the retina and the termination pattern in the
lamina are identical for these two rows.
All ommatidia of the stomatopod eye show identical
layering and axon arrangement in the lamina, which is
similar to that found in crayﬁsh. The only difference is
that the crayﬁsh has four retinular cell terminals in epl1
and only three in epl2 (Hafner, 1973; Nässel, 1977; Nässel
and Waterman, 1977; Stowe et al., 1977; Strausfeld and
Nässel, 1981), as opposed to Haptosquilla, which has
three terminals in epl1 and four in epl2. Schiff et al. (1986)
have deﬁned three layers of retinular axon terminals in
the lamina of Squilla mantis. Their observations were
similar to ours, and the discrepancy is most probably due
to the difﬁculty to determine sharp borders between overlapping terminals.
Two lamina strata of receptor terminals seem to be an
arrangement for extracting information from the two receptor channels (Nässel and Waterman, 1977; Sabra and
Glantz, 1985). In most malacostracan species and likewise
in the stomatopod’s dorsal and ventral eye halves and MB
rows 5 and 6, the strata represent the two perpendicular
e-vector sensitivities of linearly polarized light analyzed
by the two subpopulations of retinular cells (Stowe, 1977;
Bernard and Wehner, 1977; Waterman, 1981; Marshall et
al., 1991a). However, in the stomatopod’s MB rows 1– 4,
these two populations of retinular cells form two retinal
tiers and are sensitive to different wavelengths of light.
The two spectral sensitivities contained in each tiered MB
row 1– 4 overlap slightly, and the different lamina termination levels of the two populations of retinular cells suggest spectral opponent pairs, equivalent to the polarization opponent pairs of all other ommatidia. It seems likely
that the putative polarization opponency system has been
substituted by the color vision system (Nässel, 1977; Marshall et al., 1991b, 1996) and that the two lamina strata of
MB rows 1– 4 represent the two spectral sensitivities
present in the parent ommatidium. Of interest, in primate
color vision, the red– green opponent coding system also
“borrows” an existing neural channel, in this case, one
which is involved in spatial analysis (Mollon, 1991). We
think it is likely that spectral and polarization opponency
in the stomatopod visual system take place in the ME as
shown for polarization receptors in crayﬁsh and crab (Nässel, 1977; Stowe et al., 1977; Sabra and Glantz, 1985). The
spectral sensitivity pair within one ommatidium could
offer outstanding spectral resolution within the wavelength range between their peaks, because of their steep
slopes in the region where the functions cross (Cronin and
Marshall, 1989; Fig. 1). There is some speculation that the
narrow-band spectral sensitivity systems may function as
spectral frequency detectors, analogous to hair cells in
auditory systems (Neumeyer, 1981; Marshall et al., 1989;
Marshall and Oberwinkler, 1999). This would require an
underlying neural network, which functions in parallel to
the postulated opponency system and keeps the spectral
frequency channels isolated from each other.
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The R8 long visual ﬁbers map the retinal mosaic directly upon the ME, where each forms a small terminal in
the distal layer (Kleinlogel, unpublished data). Long visual ﬁbers are common in insects and crustaceans, and
their role is mostly to transmit UV and polarization information (Strausfeld and Blest, 1970; Nässel, 1976, 1977;
Armett-Kibel et al., 1977; Stowe et al., 1977; Strausfeld
and Nässel, 1981; Hardie et al., 1981; Zufall et al., 1989).
In MB rows 5 and 6, R8 receptors possess unidirectional
microvilli and, therefore, are most likely polarization receptors in the UV range. In contrast, R8 receptors in the
two eye halves and in MB rows 1– 4 have orthogonally
arranged microvilli to avoid e-vector discrimination (Eguchi, 1973) and, therefore, are likely to be spectral receptors. This assumption is supported by the ﬁnding that the
UV-sensitive R8 cells of stomatopods possess screening
pigments not present in most crustaceans (Cronin et al.,
1993). The stomatopod’s retinal MB rows 1– 4 contain 12
spectral sensitivities, eight of which reside in the R1–R7
and four in the R8 cells (Fig. 1). Some arborizations of R8
were observed in Haptosquilla’s lamina of MB rows 1– 4.
Neurites of long visual ﬁbers are not often found in crustacean laminas, but there are some exceptions (Stowe et
al., 1977; Nässel et al., 1978). It is currently not clear if
any synaptic interactions between R1–R7 and R8 take
place in the peripheral visual system of Haptosquilla. If
synaptic connections existed in the lamina, the medulla
externa, or both neuropils, R8 might form a second opponent pathway with R1–R7, acting by means of the same or
different interneurons. This could result, for instance, in
four trichromatic channels within MB rows 1– 4. Alternatively, if R8 does not interact with R1–R7, it might interact with the R8 of another MB row in the medulla externa
or a deeper neuropil level to form a dichromatic UV channel (most probably row1 R8 with row2 R8 and row3 R8
with row4 R8; Fig. 1B). In this case, the stomatopod’s MB
color vision system would consist of six spectrally opponent channels. The distribution of spectral sensitivities in
the stomatopod’s eye indicates that R8 of MB rows 1– 4 are
most probably part of the color vision system and it is,
therefore, implausible that R8 forms a separate channel
outside this system. However, the R8 of MB rows 5 and 6
most probably act as independent UV polarization channels and, therefore, do not show interactions with R1–R7
on the level of the lamina.

Summary
Our conclusions can be summarized as follows: (1) Information leaving the stomatopod retina is parsed into
three parallel data streams (spatial, spectral, and polarization), which project to discrete zones of underlying neuropils. The extraordinary visual senses of the stomatopod
retina perform much of the required lower-level processing of incoming visual information before relaying it to
higher visual centers. In doing so, decisions can be made
rapidly and accurately (Cronin and Marshall, 2001). (2)
Retinotopic projections to the lamina preserve spatial information. All ommatidia throughout the retina show the
same retina–lamina projection pattern with a clockwise or
counterclockwise twist of 180 degrees. The mirror symmetry of the retina is retained below the BM. (3) Axons from
one ommatidium terminate at two distinct lamina strata,
representing the two sensitivities of the polarization system and spectral system. We think it is likely that the
spectral system is an opponency system that “borrowed”
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the neuroarchitecture of the existing polarization opponency systems. The spectral system consists most probably either of six dichromatic or four trichromatic opponent
channels.
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