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ABSTRACT
The shared organization of three optic lobe neuropils—the lamina, medulla, and lobula—

linked by chiasmata has been used to support arguments that insects and malacostracans are
sister groups. However, in certain insects, the lobula is accompanied by a tectum-like fourth
neuropil, the lobula plate, characterized by wide-field tangential neurons and linked to the
medulla by uncrossed axons. The identification of a lobula plate in an isopod crustacean
raises the question of whether the lobula plate of insects and isopods evolved convergently or
are derived from a common ancestor. This question is here investigated by comparisons of
insect and crustacean optic lobes. The basal branchiopod crustacean Triops has only two
visual neuropils and no optic chiasma. This finding contrasts with the phyllocarid Nebalia
pugettensis, a basal malacostracan whose lamina is linked by a chiasma to a medulla that is
linked by a second chiasma to a retinotopic outswelling of the lateral protocerebrum, called
the protolobula. In Nebalia, uncrossed axons from the medulla supply a minute fourth optic
neuropil. Eumalacostracan crustaceans also possess two deep neuropils, one receiving
crossed axons, the other uncrossed axons. However, in primitive insects, there is no separate
fourth optic neuropil. Malacostracans and insects also differ in that the insect medulla
comprises two nested neuropils separated by a layer of axons, called the Cuccati bundle.
Comparisons suggest that neuroarchitectures of the lamina and medulla distal to the Cuccati
bundle are equivalent to the eumalacostracan lamina and entire medulla. The occurrence of
a second optic chiasma and protolobula are suggested to be synapomorphic for a
malacostracan/insect clade. J. Comp. Neurol. 467:150–172, 2003. © 2003 Wiley-Liss, Inc.

Indexing terms: evolution; optic lobes; immunocytology; insects; crustaceans

Early students of the arthropod nervous system, most
notably Holmgren (1916) and Hanström (1926a,b), in-
ferred evolutionary relationships on the basis of shared
morphological features of the brain. It was proposed that,
because their optic lobes possessed neuropils in common,
malacostracan crustaceans and pterygote insects should
be considered sister groups. Recent phylogenetic studies
based on molecular, developmental, and anatomical char-
acters support the view that insects and crustaceans share
a common ancestor (Averof and Akam, 1995; Friedrich
and Tautz, 1995; Boore et al., 1998; Strausfeld, 1998;
Paulus, 2000; Dohle, 2001; Richter, 2002; Loesel et al.,
2002) but leave open whether insects might have arisen
from within a crustacean evolutionary trajectory or

whether crustaceans as a whole are the sister group of
insects. A recent molecular study even suggests that hexa-
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pods are paraphyletic and that the insects originate from
within the crustaceans (Nardi et al., 2003).

If insects and crustaceans are sister groups, it might be
expected that insects should not only possess the same
number of optic lobe neuropils as crustaceans but should
also reveal common anatomical features that are indepen-
dent of constraints imposed by the organization of neuro-
pils into retinotopic subunits. It would also be necessary to
find a plausible explanation for why the optic lobes of
basal crustacean taxa, such as the branchiopods, contain
only two retinotopic neuropils connected by uncrossed ax-
ons. This arrangement contrasts with eumalacostracans
and pterygote insects, where there are at least three
nested retinotopic neuropils linked by chiasmata (Table
1). From periphery to center, these neuropils are called
the lamina, medulla, and lobula, respectively. In insects,
the latter is often referred to as part of the “lobula com-
plex” because in some taxa, exemplified by the Diptera,
the lenticular neuropil of the lobula is flanked by a thinner
tectum-like neuropil called the lobula plate. This area
typically contains systems of large tangential neurons
that are tuned to the direction of motion across the retina
(Hausen and Egelhaaf, 1989). In other taxa, such as the
Hymenoptera, the lobula surmounts a deep level contain-
ing systems of large tangential neurons that likewise re-
spond to the direction of motion (DeVoe et al., 1982). It has
been argued that the lobula plate of Diptera and deep
lobula of Hymenoptera are equivalent, if not homologous,
because they are supplied by the same morphological
types of small retinotopic neurons from the medulla and
from an outer layer over the lobula (Cajal and Sanchez,
1915; Strausfeld, 1976).

However, not only insects possess a lobula plate. Cer-
tain isopod crustaceans, such as the littoral taxon Ligia
occidentalis, also posses a fourth optic neuropil (Straus-
feld, 1998). Like that of dipteran insects, it is tectum-like
and contains systems of wide-field tangential neurons.
The question, therefore, arises whether the lobula plates
of isopods and insects have evolved convergently or
whether they derive from a common ancestor. But because
isopods are phylogenetically recent within the Malacost-
raca (Schram, 1970; Scholtz, 2000; Richter and Scholtz,
2001) for this to be possible the more basal malacostracan
groups such as the decapods or even phyllocarids (Table 2)
should also posses a fourth neuropil that is likewise sup-

plied by uncrossed axons or have a deep level in the lobula
comparable to that seen in Hymenoptera.

Simply put, these questions can be rephrased to ask
whether the optic lobes of crustaceans and insects are
fundamentally similar, as has been suggested (Hanström,
1926b; Harzsch, 2002). By identifying structures and ar-
chitectures shared by modern representatives of taxa
showing either ancestral or derived conditions, it should
be possible to identify those neuropils and architectures
that support a sister group relationship and those neuro-
pils and architectures that suggest convergent evolution.

Comparisons between the fly Phaenicia sericata and the
crustacean Ligia occidentalis serve as a starting point,
because these two relatively recent taxa share many sim-
ilarities (Fig. 1) but are widely separated phylogenetically
and in geological time. Ligia is a highly mobile semiter-
restrial crustacean that shares with dipteran insects large
compound eyes that are contiguous with the cephalic ex-
oskeleton (Fig. 1D) rather than being situated on eye-
stalks, as is the case for decapod crustaceans. As in flies,
Ligia possesses a lenticular third optic neuropil, the
lobula, lying anteroventral to a tectum-like lobula plate
(Fig. 1E,F). This latter neuropil is supplied by bundles of

TABLE 1. Optic Lobe Components in Crustaceans and Insects1

Branchiopoda Phyllocarida Decapoda Isopoda Archaeognatha Hymenoptera Diptera

1st Optic neuropil2 � � � � � � �

1st Optic chiasma (o ch 1) � � � � � � �

2nd Optic neuropil undivided, contiguous with
brain

� � � � � � �

2nd Optic neuropil undivided, separated from
brain3

� � � � � � �

2nd Optic neuropil divided into two nested
layers by Cuccati bundle4

� � � � � � �

3rd Optic neuropil,5 contiguous with brain � � � � � � �

3rd Optic neuropil,5 separated from brain � � � � � � �

Crossed axons (o ch 2) to 3rd optic neuropil � � � � � � �

4th Optic neuropil6 � � � � � � �

Uncrossed axons from medulla to 4th neuropil � � � � � � �

Giant tangential layer beneath but contiguous
with 3rd optic neuropil

� � � � � � �

Uncrossed axons into giant tangential layer � � � � � � �

1Superscript numerals represent the following: 2Called the “lamina” in malacostracan crustaceans and insects.3Classic terminology (for Crustacea): “medulla externa.” Medulla
is used in this account (see also Harzsch, 2002).4Classic terminology (for Insecta): “medulla.”5Lenticular neuropil called “medulla interna” in crustaceans, “lobula” in insects. Lobula
used in this account (see also Harzsch, 2002) or “protolobula” if contiguous with lateral protocerebrum.6Retinotopic neuropil (can be minute or large) separate from, but adjacent
to, lobula (called “lobula plate” in Diptera, Isopods; “satellite neuropil” in Nebalia, Decapoda).

TABLE 2. Species Used for This Analysis and Their Classification1

Species Classification

Crustaceans
Triops longicaudatis Branchiopoda, Notostraca
Nebalia pugettensis Malacostraca, Phyllocarida; Leptostraca
Ligia occidentalis Malacostraca, Peracarida, Isopoda
Pandalus platyceros2 Malacostraca, Decapoda, Caridea
P. dispar2 Malacostraca, Decapoda, Caridea
Lebbeus groenlandicus2 Malacostraca, Decapoda, Caridea
Palaemonetes pugio2 Malacostraca, Decapoda, Caridea
Hemigrapsus nudus3 Malacostraca, Decapoda, Brachyura

Insects
Allomachilis froggati3 Ectognatha, Archaeognatha
Machilis germanicus3 Ectognatha, Archaeognatha
Petrobius sp.3 Ectognatha, Archaeognatha
Aeschna canadensis2 Ectognatha, Pterygota, Odonata
Periplaneta americana4 Ectognatha, Blattoidea
Phaenicia sericata5 Ectognatha, Diptera
Drosophila melanogaster6 Ectognatha, Diptera
Manduca sexta7 Ectognatha, Lepidoptera
Apis mellifera8 Ectognatha, Hymenoptera

1Superscript numerals represent the following: for crustaceans 2“shrimps,” 3crabs; for
insects 2dragonfly; 3bristletail; 4cockroach; 5blowfly; 6fruit fly; 7tobacco hornworm
(hawk moth); 8honey bee.
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Fig. 1. Optic lobes of Phaenicia (A–C) and Ligia (D–F). A: Frontal
view of the head and compound eyes of Phaenicia. B: The division of
its deep optic lobe into four parts: the outer [Me (o)] and inner [Me (i)]
medulla, the lobula plate (Lo P) and lobula (Lo). C: Horizontal section
across the brain of Phaenicia showing the retinotopic optic lobes (La,
lamina) distinct from the lateral protocerebrum (L Pr) but connected
to it by axon bundles of the optic peduncle. D: Frontal view of the head
and compound eyes of Ligia occidentalis. E: Divisions of its deep optic

lobe neuropil into three parts: the medulla (Me), lobula plate (Lo P)
with horizontally arranged giant tangential cell dendrites (asterisk),
and lobula (Lo). These terms do not themselves suggest homology.
F: Horizontal section across the brain of Ligia showing its retinotopic
optic lobes that are distinct from the lateral protocerebrum connected
to it by axon bundles. Scale bars � 1 mm in A,D; 100 �m in B,C,F; 50
�m in E.



uncrossed retinotopic axons from the second optic neuro-
pil, the medulla, and is equipped with wide-field tangen-
tial neurons. The lobula plate of flies (Fig. 1B,C) is simi-
larly equipped and supplied by sheets of uncrossed axons.
Lobula plates have been identified in other insects groups
(e.g., Lepidoptera, Coleoptera; Strausfeld, 1976) but, until
the present study, not in crustaceans other than isopods.

Is the lobula plate of insects and isopods synapomorphic
or homoplasic? The argument for a common origin of a
lobula plate would be strengthened if isopods and insects
share additional characters in the optic lobes, such as
similar layer relationships and arrangements amongst
comparable assemblies of neurons. The argument for a
basal origin of the malacostracan lobula plate would be
further strengthened if, in other crustaceans, a fourth
optic lobe neuropil, not necessarily tectum-like, was iden-
tified that received uncrossed axons from the medulla.

To pursue this line of investigation, we have used antibod-
ies against the inhibitory neurotransmitter �-aminobutyric
acid (GABA) and standard silver staining methods to reveal
neuropils and their architectures. The purpose of this study,
thus, is strictly neuroanatomical and is not concerned with
the putative inhibitory nature of stained structures. The
optic lobes of a basal insect group, the archaeognathans,
were surveyed by using Golgi impregnations and an anti-
serum against a tachykinin-like polypeptide.

Previous studies have used cell morphologies for dis-
cussing possible evolutionary trajectories of arthropods.
The most detailed and focused approach has been by Shaw
and Meinertzhagen (1986) and Shaw (1989, 1990; see also
Shaw and Moore, 1989). These authors used electron mi-
croscopy and Golgi impregnation of lamina neurons in
nematoceran and brachyceran Diptera to reconstruct a
plausible evolutionary pathway that could account for in-
cremental acquisition of the brachyceran neural superpo-
sition retina from an apposition eye type and, concomi-
tantly, the incremental and adaptive remodeling of
neuronal shapes and connections. Comparisons of nema-
toceran and brachyceran flies (Buschbeck and Strausfeld,
1996) have demonstrated that independent of their retina-
to-lamina projections, a restricted subset of uniquely iden-
tifiable retinotopic neurons relaying from the lamina to
the lobula plate share similar layer relationships. These
conserved retinotopic neurons have since been implicated
as crucial components of elementary motion detection cir-
cuits (Douglass and Strausfeld, 2003a,b). Divergent evo-
lution of their target neurons in the lobula plate may,
however, suggest differences in visual performance (Bus-
chbeck and Strausfeld, 1997). The same subset of retino-
topic neurons has also been identified in Manduca sexta
(Wicklein and Strausfeld, 2000), and some elements of the
subset have been described from crustaceans, at the level
of the lamina and outer medulla (Strausfeld and Nässel,
1980). In the present account, strategies for making com-
parisons within a monophyletic group are extended across
a broad range of arthropods.

Visual systems served by compound eyes consist of
nested synaptic neuropils, each composed of columnar
units that are peripherally supplied by photoreceptors
from ommatidia. This common feature led Hanström
(1926a) to propose that optic lobe organization unites in-
sects and crustaceans. Renewed debate about insect–
crustacean relationships has drawn heavily from neuro-
anatomical data. Harzsch (2002) proposed that the
presence of three optic neuropils connected by two succes-

sive chiasmata in insects and malacostracans provides
indisputable grounds for suggesting a common origin for
these two groups, with the clear implication that the lam-
ina, medulla, lobula, and their chiasmata are synapomor-
phic. Harzsch (2002) amplifies this view from developmen-
tal studies that show that the lobulas of insects and
malacostracans have the common developmental property
of being derived from a protocerebral cluster of prolifera-
tive cells (Wildt and Harzsch, 2002). Osorio (1991) pro-
posed that, because the lamina and medulla have such
similar construction and cell types in malacostracans and
insects, these neuropils are unlikely to have evolved inde-
pendently and convergently, a hypothesis reiterated by
Nilsson and Osorio (1997). In support of this view, the
authors drew from anatomical studies that demonstrate
similarities between certain cell types in crustacean and
pterygote laminae, the first optic neuropil beneath the
retina. Richter and Scholtz (2001), however, suggest that
the absence of a lobula separated from the protocerebrum,
such as in the basal taxa Branchiopoda and Phyllocarida
(Table 1), argues for its being a convergent apomorphic
character of eumalacostracans and of dicondylians (Zy-
gentoma and Pterygota) within insects. At a superficial
level (Table 1), there appear to be only minor differences
between the optic lobes of eumalacostracans and pterygote
insects. However, a previous report showing differences
between the medulla’s organization in decapod eumala-
costracans and pterygote insects suggests that deeper lev-
els of their optic lobes may have evolved convergently
(Strausfeld, 1998).

Agreeing in principle that similarities between insect
and crustacean optic lobes offer a compelling case for
homology, Meinertzhagen (1991) cautions that, if retino-
topic organization is imposed by the developing compound
eye, this itself must constrain the growth and, hence,
shape of optic lobe neurons. Such constraints are evi-
denced by olfactory neuropils where odortypic receptors
cluster into glomeruli, which in widely disparate taxa are
developmentally equipped with analogous cell types and
connections (Strausfeld and Hildebrand, 1999).

In the present account, we show that similarities be-
tween pterygote insects and eumalacostracan crustaceans
cannot be ascertained throughout the optic lobes. The
identification of a discrete neuropil in a basal malacostra-
can receiving uncrossed axons suggests a precursor to the
isopod lobula plate. But a comparable neuropil is not seen
in the Archaeognatha, in many respects the most primi-
tive group of extant insects. Specific differences in the
organization of the crustacean and insect medulla as well
as differences of retinotopic organization in the lobulas of
these groups all suggest caution when proposing homolo-
gies between pterygotes and eumalacostracans. A prelim-
inary report of this work has appeared in abstract form
(Sinakevitch et al., 2000).

MATERIALS AND METHODS

Specimens of sexually mature Ligia occidentalis were
collected from tidal zones in Southern California. Flies
(Phaenicia sericata) were raised to adulthood in breeding
facilities of the laboratory, as were hawk moths (Manduca
sexta; Lepidoptera: Sphingidae), cockroaches (Periplaneta
americana), and fruit flies (Drosophila melanogaster Ore-
gon R). Foraging Apis mellifera workers were collected
locally. Dragonflies (Aeschna canadensis), decapod crusta-
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ceans (Hemigrapsus nudus [crab], Pandalus platyceros, P.
dispar, and Lebbeus groenlandicus [shrimps]), and the
phyllocarid Nebalia pugettensis were collected at Univer-
sity of Washington-designated sites on or in waters
around San Juan Island, Washington, and processed at
the University of Washington Friday Harbor Laborato-
ries. The grass shrimp Palaemonetes pugio was obtained
from the Gulf of Mexico. Specimens of Triops longicauda-
tus were raised in the laboratory. Adult machilids (Allo-
machilis froggati) were obtained from Pebble Beach, New
South Wales, Australia. Specimens of Machilis germani-
cus were obtained from the vicinity of Würzburg, Ger-
many, and a third machilid, Petrobius sp., was obtained
from the Olympic Peninsula, Washington.

Reduced-silver staining

Reduced-silver preparations were used to illustrate gen-
eral morphology. Brains were dissected and fixed in acetic
acid–alcohol–formalin, washed in 70% ethanol, dehy-
drated in ascending ethanols, cleared in terpineol followed
by xylene, and embedded in Paraplast Plus (Corning,
Corning, NY). Hardened blocks were serially sectioned at
10 �m. Sections mounted on slides were dewaxed and
incubated for 24 hours at 60°C in 1% silver proteinate
(Roques, Paris, France) with 3 g of pure copper wire frag-
ments per 100 ml of solution. Afterward, tissue was
treated according to Bodian’s (1937) original method.

Immunohistochemistry

GABA antiserum (raised in rabbits using GABA conju-
gated with glutaraldehyde [a] to bovine serum albumin
[BSA], bovine hemoglobin, or poly-L-lysine) was obtained
from GEMAC (Talence, France). Antiserum specificity has
been described elsewhere (Seguela et al., 1984; Si-
nakevitch et al., 1996). Brains were fixed at 4°C overnight
in 0.8–1.5% glutaraldehyde in 0.1 M cacodylate buffer (pH
7.0) containing 1% sodium metabisulfite (Na2S2O5, SMB,
Sigma). After fixation, whole brains were incubated for 15
minutes in a solution of 0.05 M Tris-HCl buffer with 0.5%
SMB, pH 7.5, containing 0.13 M NaBH4 to saturate double
bonds. After washing in 0.05 M Tris-HCl-SMB buffer (4 �

30 minutes), the preparations were embedded in 8% aga-
rose and, after hardening, were sectioned at 80–100 �m at
frontal and horizontal orientations. Sections were prein-
cubated with 10% normal swine serum (Dako, Carpente-
ria, CA) in 0.05 M Tris-HCl-SMB with 0.5% Triton X-100.
Conjugated GABA antiserum, diluted 1:1,000, was added
to the sections of each brain for overnight incubation at
room temperature. After washing in Tris-HCl-Triton
X-100, the sections were incubated overnight with goat
anti-rabbit immunoglobulin (Jackson Laboratories, West
Grove, PA) conjugated to Texas red or Alexa 488 (Molec-
ular Probes, Eugene, OR) diluted 1:250 in the Tris-HCl-
Triton X-100. After a final wash in Tris-HCl, the sections
were embedded in the mounting medium. To test the
specificity of immunostaining, the working dilutions of
GABA antibodies were preincubated overnight with con-
jugate containing 10�5 or 10�4 M hapten-conjugated
GABA-G-BSA. Preadsorption of the primary antiserum
with GABA-G-BSA completely abolished staining in Pha-
enicia and Ligia (Fig. 2).

The polyclonal antiserum to tachykinin-related peptide
(TRP), which recognizes the C-terminus of known insect
and crustacean TRPs, was raised in rabbits inoculated
with locust TRP conjugated to BSA (Winther and Nässel,

2001). Anti-TRP was used to stain general architectural
features of the archaeognathan insect Machilis. Animals
were anesthetized by chilling on ice. Dissections were
made under fixative consisting of 4% paraformaldehyde in
0.01 M phosphate-buffered saline (PBS), pH 7.4. After
fixing for approximately 18 hours at room temperature,
brains were dehydrated, incubated in propylene oxide for
10 minutes for membrane permeabilization, rehydrated,
embedded in gelatin/albumin, and sectioned at 85 �m
with a Vibratome (VT1000S, Leica, Nussloch, Germany).
Sections were rinsed in 0.1% Triton X-100 in PBS and
incubated overnight in 5% normal swine serum (Dako) in
PBS containing 0.5% Triton X-100. Next, sections were

Fig. 2. Adsorption controls for anti–�-aminobutyric acid (GABA)
specificity. A: C2 and C3 terminals in the lamina of Phaenicia re-
vealed by treatment with anti-GABA followed by treatment with the
Texas red–conjugated secondary antibody (see Materials and Meth-
ods section) B: Phaenicia lamina-treated with anti-GABA pread-
sorbed with GABA-G-BSA followed by the Texas red–conjugated an-
tibody. C: Cell bodies and neurites revealed above the medulla of
Ligia, using anti-GABA and Texas red–conjugated secondary anti-
body. D: Control as in B. Scale bars � 10 �m in A (applies to A,B), C
(applies to C,D).
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incubated in primary antiserum for approximately 26
hours at room temperature. After rinsing in 0.1% Triton
X-100 in PBS, sections were incubated overnight in Texas
red–conjugated goat anti-rabbit immunoglobulin (Jack-
son Laboratories) used at a dilution of 1:500 in PBS con-
taining 0.5% Triton X-100 and 1% normal swine serum.
After rinsing in PBS, sections were mounted in Elvanol
(Rodriguez and Deinhardt, 1960) on chromalum/gelatin-
covered slides.

Confocal microscopes (Nikon PCM 2000 or Zeiss LSM 5
Pascal) were used for data acquisition. Series of optical
sections, equivalent in depth to a thick reduced-silver
section (15–25 �m) comprising images of 512 � 512 or
1,024 � 1,024 pixels at 8-bit or 12-bit color depth, were
scanned through 20�/0.5 Neofluar, 40�/1.0 oil iris or 63�/
1.40 oil iris plan-apochromat objectives. Figures were as-
sembled and labeled in Adobe Photoshop version 6.0.

RESULTS

Use of GABA antisera as a
neuroanatomical tool

Historically, early studies on the vertebrate brain and
central nervous system relied on reduced-silver methods
to characterize architectural features of specific brain re-
gions (Cajal and De Castro, 1933). Likewise, the classic
studies on crustacean and insect optic lobes (Cajal and
Sanchez, 1915; Hanström, 1926b) relied on the same
methods to identify the arrangements of retinotopic col-
umns, chiasmata, stratifications, and tracts leading from
optic neuropils to the brain. However, when neurons are
small or do not provide a reducing substrate for silver
impregnation, neural tissues are refractory to reduced-
silver analysis and other strategies are required. Neuro-
pils that comprise dense arrangements of neurons are also
difficult because they may be so heavily stained that their
architectures are largely obscured. These problems were
recognized by some of the earliest anatomists working on
invertebrates who then used methylene blue on living
tissue to provide, within a species, consistently selective
staining of subsets of neurons that then allowed compar-
isons across species (Retzius, 1891, 1891, b; Zawarzin,
1913). In contrast, stochastic methods such as the Golgi
procedures, although essential for revealing the morphol-
ogies of single neurons and relating these to known archi-
tectures, do not alone provide information about overall
architecture.

The present account uses an antiserum raised against
the common inhibitory transmitter GABA to provide a
useful stain for revealing populations of neurons in neu-
ropils, including many that are refractory or too small to
be investigated by reduced silver. Anti-GABA has the
advantage that it generally reveals fewer neurons than
would be stained by reduced silver. Its reliability is sup-
ported by studies that have used anti-GABA sera from
different sources, used on appropriately fixed and embed-
ded materials, which show the same specificity of staining,
such as uniquely identifiable neurons in the optic lobes of
cyclorrhaphan flies (Meyer et al., 1986; Strausfeld et al.,
1995). Preadsorbtion tests using fly and isopod tissue (see
Materials and Methods section) further demonstrate that
neurons are revealed by the antibody raised against
GABA and not by the secondary antibody alone. Antibod-
ies raised against tachykinin are used to show general
features of the machilid brain and optic lobes.

The following sections compare the optic lobes of the fly
Phaenicia with that of the isopod Ligia and then compare
the range of morphological variations in their laminas
with those of other pterygote insects and eumalacostracan
crustaceans. This comparison is followed by comparisons
of medulla architectures and organization in the lobula
complex. Comparisons with basal taxa and observations
on retinotopic organization in the lobula conclude the Re-
sults section.

Similarities of optic lobe organization in the
fly Phaenicia and the isopod Ligia

Brachyceran flies such as Phaenicia sericata (Fig. 1A)
have “neural superposition” eyes, a phylogenetically re-
cent modification of the apposition type compound retina
(Land and Nilsson, 2002). In flies, deep optic lobe neuro-
pils (Fig. 1B) consist of two synaptic regions: a lenticular
lobula and, opposing its outer surface, a tectum-like lobula
plate. Together, these regions comprise the lobula com-
plex. The more peripheral regions of the optic lobe consist
of a lamina lying immediately beneath the retina that is
linked by means of a chiasma to the medulla (Fig. 1C). The
medulla is divided into two obvious levels, the outer and
inner medulla, by the Cuccati bundle. This bundle pro-
vides axons to and receives axons from the posterior optic
tract (Strausfeld, 1976). The medulla is connected to the
lobula by a second chiasma and to the lobula plate by
sheets of uncrossed axons (Braitenberg, 1970). In flies, as
in most pterygote insects, the optic lobes are separated
from the lateral protocerebrum of the midbrain, connected
to it by bundles of efferent and afferent axons.

Oniscid isopods such as Ligia occidentalis (Fig. 1D) are
thought to have evolved relatively recently (Brusca and
Wilson, 1991), the first isopod fossils being recorded from
Upper Carboniferous deposits (Schram, 1970). The visual
system of Ligia is served by an apposition-type eye
(Hariyama et al., 2001). Silver-stained horizontal sections
reveal that its deep optic lobe neuropils are similarly
divided into a lobula and lobula plate (Fig. 1E) and are
also separated from the lateral protocerebrum (Fig. 1F).
Without prejudice to phylogenetic considerations, we here
use the terms lamina, medulla, lobula, and lobula plate for
this taxon as well.

The optic lobes of Phaenicia and Ligia are retinotopi-
cally organized into columnar subunits that are inter-
sected by tangential strata. These occur at characteristic
depths through each of the neuropils. Strata comprise the
dendrites and terminals of tangential cells, as well as the
processes of amacrine cells and the lateral processes (den-
drites and collaterals) of retinotopic neurons that contrib-
ute to the retinotopic columns.

Morphological range: comparisons of lamina
architectures provided by centrifugal cells

The lamina of Phaenicia sericata is composed of col-
umns, each of which is defined by the six axon terminals of
photoreceptors that share the same optical alignment
(Kirschfeld, 1967), thus constituting a visual sampling
unit (Franceschini, 1975). Pairs of axons, from a seventh
and eighth photoreceptor in each ommatidium, project
across the first optic chiasma to end in the outer medulla.
During development, the first axons to differentiate are
the R8 “long visual fibers” that project through the pre-
sumptive lamina to the medulla, where each defines a
retinotopic column (Meyerowitz and Kankel, 1978). In
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flies, associated with each set of terminals in the lamina
are six efferent neurons (Strausfeld, 1971). Five (the mo-
nopolar cells) originate from a stratum of cell bodies above
the synaptic external plexiform layer (Fig. 3A). This layer
contains amacrine processes, tangential endings of wide-
field centrifugal cells, and the retinotopically organized
terminals of two types of narrow-field feedback neurons
from the medulla called C2 and C3 centrifugal cells
(Strausfeld, 1971). It is these neurons that are selectively
revealed by anti-GABA (Fig. 3B,C; see also Meyer et al.,
1986). In flies, centrifugal neurons to the lamina originate
from cell bodies in rind beneath and lateral to the poste-
rior margin of the medulla (Strausfeld, 1971). Their axons
project across the first optic chiasma (Fig. 3B) as do cen-
trifugal cells supplying the lamina of Ligia (Fig. 3E). C2
and C3 neurons have entirely different arborizations in
the medulla (Strausfeld, 1976), and their terminals in the
lamina are also distinct, those of C3 neurons providing
rows of knob-like specializations that extend along one
side of the dendritic branches of the L1 and L2 monopolar
cells (Strausfeld, 1971). Each C2 neuron terminal is
capped by a characteristic flattened specialization (Figs.
3C, 4A), as originally described from Golgi impregnations
(Strausfeld, 1971), where the cap was shown to reside at
the outermost dendrites of the two largest efferent neu-
rons in the lamina, the L1 and L2 monopolar cells. C2 and
C3 centrifugal endings are restricted to single cartridges
and are often so closely apposed to each other that they
can appear to belong to a single element (Fig. 3C,4A).

Hariyama et al. (2001) demonstrated seven photorecep-
tors in each ommatidium of Ligia, of which only one ends
in the medulla and six in the lamina. As in flies, the
lamina is divided into a cell body layer and an external
plexiform layer (Fig. 3D). Receptor terminals confer reti-
notopy into the lamina, the columns of which are visited
by retinotopically organized GABAergic centrifugal cells
(Fig. 3E,F). These have bifurcating endings that overlap
each other so as to provide a characteristic architecture
that is apparent both in reduced-silver stained (Fig. 3D)
and immunostained material (Fig. 3E,F). Overlapping
GABAergic processes (Fig. 3F) give rise to branches that
ascend distally through the external plexiform layer to-
ward bundles of incoming photoreceptor axons, amongst
which they provide beaded specializations (Fig. 3E,F).
Beads, as opposed to spine-like structures, are indicative
of presynaptic specializations in arthropods (Strausfeld
and Meinertzhagen, 1996).

Unless considered in the context of variations within
groups, these differences in centrifugal organization could
be interpreted as distinguishing insect and crustacean
laminas. However, observations of other insects and crus-
taceans demonstrate that such differences may be adap-
tations that reflect retinal organization or habitat rather
than phylogeny. Comparisons of laminas serving apposi-
tion retinas in other taxa show that the GABAergic supply
to the lamina of Ligia is within the range of eumalacost-
racan and pterygote morphologies and is almost indistin-
guishable from some. This range includes unistratified
systems of GABAergic terminals, as in the honey bee
lamina (Fig. 4B,C), and a unistratified organization seen
in the lamina of the decapod crustacean Pandalus platyc-
eros, a shallow water shrimp (Fig. 4D). Comparisons be-
tween anti-GABA–labeled elements (Fig. 4C) and Golgi-
impregnated lamina neurons suggest that GABA-
immunoreactive neurons in the honey bee may correspond

to the type C1 centrifugal cells described by Ribi (1975),
whose overlapping processes extend laterally across sev-
eral neighboring optic cartridges at this level. Columnar
and stratified arrangements of centrifugal terminals are
seen in dragonflies, such as Aeschna canadensis (Fig.
4E,F), the lamina of which comprises discrete rows of optic
cartridges each supplying a sheet of axons into the first
optic chiasma (see, Meinertzhagen, 1976). In Aeschna
(Fig. 4E), each centrifugal GABAergic ending bifurcates to
provide a system of tangential processes and systems of
climbing fibers to three or four optic cartridges. These
fibers end as beaded tufts at the level of the incoming
receptor axons (Fig. 4E). A second system of GABAergic
terminals provides tangential processes, the collaterals of
which approximately coincide with optic cartridges (Fig.
4F). The moth Manduca sexta is a crepuscular and noc-
turnal species equipped with superposition eyes (Fig.
4G,H), but its centrifugal terminals are also similar to
those of Ligia (Fig. 3F). In Manduca, there are pairs of
GABAergic axons, some of which bifurcate beneath the
lamina to provide branches into adjacent columns. Cen-
trifugal terminals in Manduca ascend through the whole
depth of the external plexiform layer where they are dec-
orated with either varicosities or bead-like swellings, pos-
sibly suggestive of two cell types. The widths of these
terminals may correspond to the lateral spread of den-
drites of monopolar cells described by Wicklein and
Strausfeld (2000). The cockroach Periplaneta americana is
also a crepuscular and nocturnal species but has apposi-
tion eyes. In this species, anti-GABA–labeled centrifugal
endings (Fig. 4I,J) divide beneath the lamina to provide a
dense plexus of overlapping branches that ascend through
the external plexiform layer before extending varicose pro-
cesses toward bundles of incoming receptor axons (Fig.
4J).

Medulla neuroarchitectures in pterygote
insects and eumalacostracan

Reduced-silver stained medullas of Phaenicia and Ligia
show them to receive bundles of axons that confer the
peripheral retinotopic map of the lamina into this neuropil
(Fig. 1B,C,E,F). In Phaenicia, as in other insects, the
medulla is divided into a thick outer layer (the outer
medulla; Fig. 5A) and a thinner inner layer (the inner
medulla; Fig. 5A) by a prominent stratum of tangentially
directed axons. This is the Cuccati bundle (Fig. 5A), which
carries axons of tangential neurons to and from the pos-
terior optic tract (Cajal and Sanchez, 1915; Strausfeld,
1976). Columnar arrangements of small-field retinotopic
neurons extend the retinotopic map from the medulla’s
surface through all of its strata (Fig. 5A,B). Above the
medulla, GABAergic cell bodies contribute to GABAergic
columnar neurons. Some of these appear to be contained
only within the medulla, connecting deep strata of the
outer medulla to its outermost stratum (Fig. 5C,D) and
corresponding to local feedback neurons identified by
Golgi impregnations (Douglass and Strausfeld, 2003a). In
addition, through-projecting GABAergic axons contribute
to immunoreactive boutons beneath and at two levels
above the Cuccati bundle. The boutons above the bundle
(lower arrow in Fig. 5E) are similar to those seen in a
system of GABAergic retinotopic neurons in Ligia (lower
arrow in Fig. 5F). However, in the isopod, these boutons do
not lie above a Cuccati-like bundle because no such bundle
can be identified. Thus, the levels of and relationships
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Fig. 3. Comparison of �-aminobutyric acid (GABA)ergic organiza-
tion in the laminas of Phaenicia (A–C) and Ligia (D–F). A,D: Reduced-
silver stained laminas of both taxa showing the cell body layer (cb l)
and the external plexiform layer (e p l), the latter supplied by photo-
receptor endings (arrows in A,D). Axons from the lamina extend
centrally into the first optic chiasma (o ch 1). B,E: Anti-GABA–
stained centrifugal neurons from the medulla ending in the lamina: a
pair of dissimilar neurons (C2 and C3) enters each column of the
lamina in Phaenicia, whereas in Ligia a population of similar cell

types ends as tufts (arrowheads in E), the locations of which corre-
spond to bundles of incoming receptor axons. C: Detail showing the
capped structure of C2 endings and the unilateral blebs from C3
terminals. Axons providing these terminals lie adjacent to each other
(paired outlined arrows) and often cannot be resolved separately.
F: In Ligia, the terminals of centrifugal endings bifurcate into two
tributaries (arrows), which then provide a system of tangentially
oriented processes and ascending tufts (arrowheads). Scale bars � 10
�m in A,C,F; 25 �m in B,E; 20 �m in D.



Fig. 4. Centrifugal terminals. A: Characteristic terminals of C2
(capped ending) and C3 (unilateral beaded ending) in Drosophila
melanogaster are restricted to single lamina columns (optic cartridg-
es). B,C: Honey bee laminas are also organized as discrete columns,
shown stained with reduced silver in B, showing a layer of tangential
processes (bracket) that is at the same level as �-aminobutyric acid
(GABA)ergic centrifugal cells in C. D: Tangential centrifugal endings
in the lamina of the decapod crustacean Pandalus platyceros. E: In
the dragonfly Aeschna canadensis, each centrifugal cell extends to
adjacent cartridges and, as in Ligia, provides distal tufts (arrowhead)

to incoming receptor axons. Each cartridge is indicated by its un-
stained axon bundle (arrows) into the first optic chiasma (o ch 1).
F: Tangential centrifugal endings in Aeschna. G,H: The lamina of
Manduca sexta receives pairs of GABAergic terminals (some bifurcat-
ing shown by paired arrows in two panels of H) that extend across
groups of incoming receptor axons (one indicated by the arrowhead).
I,J: Likewise, in Periplaneta americana, the GABAergic centrifugals
provide a dense system of overlapping terminals. Note the distal
processes ascending toward the retina. Scale bar � 10 �m in A; 25 �m
in B–E; 20 �m in F,H,J; 30 �m in G; 15 �m in I.



between GABAergic specializations provided by what ap-
pear to be equivalent systems of GABAergic intrinsic neu-
rons suggest an important difference between the
dipteran and isopod medullas. In isopods, there is an
absence of two nested and well-defined components of the
medulla. That this absence is not merely due to a lack of

GABA-immunoreactive tangential axons is shown by
reduced-silver preparations of Ligia and other eumalacos-
tracans, such as Pandalus dispar (Fig. 5G).

The presence of a Cuccati bundle in insects (Fig. 6A) but
not in crustaceans was suggested to be an important dif-
ference between these two groups (Strausfeld, 1998). How-

Fig. 5. �-Aminobutyric acid (GABA) -like immunoreactivity re-
veals principal differences in medulla organization between Phaenicia
(A,C–E), Ligia (B,F), and the decapod Pandalus dispar (G), here
scaled to match the depth of the Ligia medulla in F. A: A layer of
tangential axons [Cuccati’s bundle (cucc)] divides the medulla of Pha-
enicia into an outer two thirds [Me(o)] and inner one third [Me(i)]. o ch
2, second optic chiasm. B: This organization is not seen in Ligia.
Instead, tangentials (arrow) enter the proximal level of the medulla
where they branch (small bracket). The entire medulla (large bracket)
is equivalent to the outer medulla of Phaenicia. C,D: In Phaenicia,
although some GABAergic tangentials (arrowhead) occur within its
outer stratum, most GABAergic elements reveal the medulla’s reti-

notopic organization. A discrete system of dendrites (arrow pair in C)
and terminals (arrow in D) of local centrifugal cells links the inner
and outer strata of the outer medulla. E,F: Comparable organization
of retinotopic GABAergic neurons in Phaenicia and Ligia (compare
arrows in E and F). Equivalent levels in Phaenicia and Ligia are
bracketed. Stratification revealed by anti-GABA corresponds to strata
typical of other eumalacostracans, such as the decapod Pandalus
dispar (G), here shown stained with reduced silver (compare arrows
in G, with arrows in F). G is scaled so that the upper and lower
margins of the medulla align with F. Scale bars � 20 �m in A; 15 �m
in B–D; 10 �m in F (applies to E–G).
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ever, this difference could be explained as an acquired
change of position such that tangentials deep in the crus-
tacean medulla have shifted to a more peripheral position
in the insect medulla. Here, we ask whether tangential
neurons provide a deep bundle in malacostracan medulla.
And, are cell bodies of tangential cells in crustaceans
located as they are in insects, at the anterior edge of the
medulla neuropil?

Observations of reduced-silver preparations reveal spe-
cific differences in the organization of wide-field neurons
in the medulla of Phaenicia and Ligia. Tangential neurons
serving the isopod medulla extend their axons centrally
from the anterior and dorsal edge of the medulla (Fig.
6B,C). Their cell bodies are located distant from the neu-
ropil, however. Dendrites or terminals belonging to these
neurons penetrate into medulla neuropil from the side and
from its lower surface without dividing this region into an
obvious inner and outer component. By comparison,
GABA immunohistology shows that, in the honey bee (Fig.
6D) and dragonfly (Fig. 6E), numerous bundled GABAer-
gic tangential axons divide the medulla into a discrete
outer and inner component. These two levels have distinc-
tive cytoarchitectures, with the inner medulla appearing
denser than the outer. This organization again contrasts
with that of the medulla of the decapod Hemigrapsus (Fig.
6F) and the isopod Ligia (Fig. 5B) where, in both taxa,
there appear to be no discrete bundles of tangential neu-
rons. The deep medulla level in which tangential pro-
cesses can be shown by reduced silver (Ligia; Fig. 6C)
lacks GABA-immunoreactive tangential axons.

Comparisons of fly, moth, and isopod
lobula complexes

The term “lobula complex” includes one or more neuro-
pils that receive retinotopic axons from the medulla (Table
1). In flies, the lobula complex consists of a bean-shaped
lobula flanked by a tectum-like neuropil, the lobula plate.
The linear order of axon bundles entering the lobula is
reversed from that in the medulla by the second optic
chiasma, whereas the linear order of axons entering the
lobula plate is not (Braitenberg, 1970). This latter projec-
tion (called “homotopic”) typifies projections into a compa-
rable tectum-like neuropil in Ligia (see Table 1). In this
section, we first compare the architectonics of the lobula
and then discuss its accompanying neuropil.

GABA immunohistology reveals several discrete strata
in the dipteran lobula (Fig. 7A). An outer stratum, called
the T5 layer, contains relatively few GABAergic neurons
except for extremely slender retinotopic terminals from
the medulla (not shown) and a wide-field tangential cell,
the processes of which cover the whole lobula surface (Fig.
7B) and send bouton-like specializations among the den-
drites of immunonegative T5 (bushy T-cells) neurons. The
organization of these small neurons, which supply infor-
mation about the direction of motion to the lobula plate
from the lobula (Douglass and Strausfeld, 1995), has been
described from Golgi impregnations of Diptera and Lepi-
doptera (Strausfeld, 1976; Fischbach and Dittrich, 1989;
Strausfeld and Lee, 1991; Buschbeck and Strausfeld,
1996; Strausfeld and Blest, 1970; Wicklein and Strausfeld,
2000). As shown by Cajal and Sanchez (1915), there is an
equivalent level of T5 neurons in the undivided lobulas of
Hymenoptera, the axons of which terminate on large tan-
gential neurons deep in the lobula.

Lobula architecture beneath the T5 layer is defined by
layered ensembles of columnar neurons that are retino-
topically organized, but which coarsen the retinotopic mo-
saic (Braitenberg, 1970; Strausfeld and Hausen, 1977;
Strausfeld and Gilbert, 1992). Although none of these
efferent neurons is itself GABAergic, many fibers that
ascend amongst their dendrites are. These elements pro-
vide alternating layers defined by the density of their
GABAergic profiles (Fig. 7A). Large immunoreactive cell
bodies reside beneath the lobula. In contrast, the lobula of
the crab Hemigrapsus is densely immunoreactive, includ-
ing a superficial stratum (see Fig. 7A, inset) and shows
clear evidence of a retinotopic organization that is not
coarsened (Fig. 7A, inset). This architectural feature is
further considered in the last section of the Results and in
the Discussion section.

The lobula plate of Phaenicia is richly supplied with
immunoreactive processes (Figs. 7B,C, 8A), of which the
most prominent (Fig. 7B) are the paired centrifugal hori-
zontal cells (CH neurons; see Hausen and Egelhaaf, 1989)
that originate from the posterior–medial protocerebrum
and which have been identified previously by using two
other anti-GABA sera (Meyer et al., 1986; Strausfeld et
al., 1995). The terminal arbors of CH neurons stretch
across the whole outer surface of the lobula plate into
which they send many thousands of immunopositive
swellings that lie at the level of the dendrites of centrip-
etal horizontal motion sensitive neurons (HS cells; see
Hausen and Egelhaaf, 1989). Deeper in the lobula plate
(Fig. 7C), immunonegative profiles of vertical motion-
sensitive neurons (VS; see Hausen and Egelhaaf, 1989)
are accompanied by a variety of immunopositive tangen-
tial cells, whose origin from the contralateral lobula plate
has been identified previously using a different GABA
antiserum (Strausfeld et al., 1995). Together, the CH neu-
rons and these deeper tangential elements provide the
lobula plate with two GABA-immunoreactive levels (Fig.
8B), one at the level of VS neurons (the inner level) and
the other at the level of HS neurons (outer level). A com-
parable layering in the lobula is seen in Manduca sexta
(Wicklein and Strausfeld, 2000) as are two levels of im-
munoreactive processes in its lobula plate (Fig. 8C,D).
However, in Manduca, the slender but intensely immuno-
reactive GABAergic tangentials extending across the
outer and inner surfaces of the lobula plate appear to be
more numerous than those in flies.

The lobula complex of Ligia contrasts with those of
these two species of insects. GABAergic retinotopic pro-
files extend distally to the lobula’s outer surface (Fig. 8E),
a feature that is not seen in Phaenicia or Manduca but is
seen in the decapod Hemigrapsus (Fig. 7A, inset). In Ligia,
the lobula plate lacks wide-field GABAergic tangential
processes. Instead, GABAergic specializations are dif-
fusely arranged through its depth (Fig. 8G). Axons within
the chiasma leading to the lobula plate appear bundled in
Ligia (Fig. 8E,F) as opposed to the sheet-like organization
of uncrossed axons that connect the medulla and lobula
plate in insects (Fig. 8A,C).

Comparison of archaeognathan,
branchiopod, and phyllocarid optic lobes

As reported by Harzsch and Walossek (2001), Triops
(Fig. 9A) has two optic neuropils, which are connected to
each other by uncrossed axons (Fig. 10A), as is typical for
the Branchiopoda (Elofsson and Dahl, 1970). The second
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Fig. 6. Medulla organization in insects and eumalacostracans.
A: In insects, the medulla (Me) is divided into two parts by axons of
many different types of tangential neurons making up the Cuccati
bundle (bracketed). B: In Ligia, tangential neurons enter or leave the
proximal strata of the medulla, extending their axons over the lobula
plate (Lo P) into the midbrain. C: Detail of tangential cell axon
extending from the proximal strata (bracketed). D–F: �-aminobutyric

acid (GABA) immunoreactivity reveals clustered axon bundles of tan-
gential neurons (bracketed in D,E) but not in eumalacostracans (F;
the crab Hemigrapsus). In Hemigrapsus (F) as in the medulla of Ligia
(G), although the proximal strata of the medulla (bracketed) possess
tangential processes, most of these are not GABAergic. o ch 2, second
optic chiasma; Me (o), outer medulla; Me (i), inner medulla. Scale
bars � 25 �m in A,B,D–G; 10 �m in C.



neuropil is a lateral extension of and is contiguous with
the lateral protocerebrum (Fig. 10A). There is no evidence
for wide-field tangential cells within this second optic neu-
ropil of Triops, but GABA antisera reveal extensive con-
nections from this inner optic neuropil to the outer one. In
contrast, in basal archaeognathan insects (Fig. 9B) the
optic lobe consists of three discrete neuropils, a lamina, a
medulla that is divided into an outer and inner layer, and
a columnar protolobula consisting of a lateral extension of
the protocerebrum (Fig. 9C,D). In machilids, the lamina is
linked by an optic chiasma to the medulla (Fig. 9C). The

inner medulla provides crossing axons to the protolobula,
which is retinotopically organized and which contains a
deep layer of wide-field “giant” tangential neurons (Fig.
10C). Thus, the optic lobes of archaeognathans are essen-
tially like those of pterygote insects, such as hymenopter-
ans, that do not possess a lobula plate, but in which the
lobula complex consists of two distinct levels: an outer
component that receives retinotopic inputs from the me-
dulla and is itself retinotopically organized, and a deeper
component that contains wide-field tangential neurons
and is supplied by retinotopic neurons from the outer

Fig. 7. �-Aminobutyric acid (GABA) -like immunoreactivity in the
lobula and lobula plate of Phaenicia sericata. A: Horizontal section
showing the relative depths of stratification in the lobula, which is
divided into four major levels: T5, 1, 2, and 3. The T5 layer receives
terminals of small-field retinotopic neurons from the medulla and
contains the immunonegative dendrites of T5 bushy cells (not visible
here) that terminate in the lobula plate (Lo P). Inset shows compara-
ble depth of the lobula of Hemigrapsus showing three dense immu-
noreactive layers in the outer one third of the lobula, including an
outermost stratum, and the retinotopic organization of columns.

B: Top-down view of the lobula plate of Phaenicia, showing the main
terminal branches of the two centrifugal motion-sensitive neurons
(CH). The many small spot-like profiles at the same level belong to
these neurons. The intensely stained processes (bracketed) belong to
a GABAergic local neuron in the lobula, extending over the T5 layer.
C: Bottom up view of the lobula plate, showing immunonegative
profiles of vertical motion-sensitive (VS) tangential neurons accompa-
nied by many smaller GABAergic tangential processes. Scale bars �

20 �m in A; 25 �m in B,C.
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Fig. 8. Lobula (Lo) complexes compared. Phaenicia sericata (A,B)
and the hawk moth Manduca sexta (C,D) both possess prominent
lobula plates and similarly layered lobulas (compare layers T5, 1–3 in
C with layering in Fig. 7A). In both insect species, the cell bodies of C2
and C3 centrifugal cells (arrowed in A,C) are clustered between the
posterior edge of the inner medulla [Me(i)] and tip of the lobula plate
(Lo P). Prominent �-aminobutyric acid (GABA)ergic cell bodies of
tangential neurons (lower bracket in A,C) have axons leaving the
Cuccati bundle at the anterior edge of the medulla. B,D: In both insect
species, the lobula plate is divided into an inner (i.l) and outer (o.l)
level separated by an immunoreactivity-poor intermediate level (int.

l). In Phaenicia, unstained profiles of vertical motion-sensitive neu-
rons (VS) are shown in B, accompanied by small-diameter GABAergic
profiles (arrows). Similar but more numerous elements are seen at the
same level in Manduca (arrows, D). E,F: The lobula complex of Ligia
differs from that of insects. Its second optic chiasma (o ch 2) is not
orderly and contains bundles rather than sheets of uncrossed axons to
the Lo P, which enter the plate in a rather haphazard manner (F).
G: As in insects, the lobula plate of Ligia is densely supplied by
GABAergic profiles, but these are uniformly distributed rather than
organized in two levels. Scale bars � 40 �m in A; 10 �m in B; 60 �m
in C; 25 �m in D,F,G; 50 �m in E.



Fig. 9. A,B: Basal branchiopod crustacean (Triops longicaudatus,
A) and archaeognathan (machilid) insect (Machilis germanicus, B).
C: Camera lucida composite from four Golgi preparations of M. ger-
manicus, showing retinotopic neurons linking an inner medulla [Me
(i)] by means of an optic chiasma (o ch 2) with a lobular extension
(proto Lob) of the lateral protocerebrum (L Pr). The deepest endings
reach layers of large field tangential cells illustrated in Figure 10C
(Tan) from the machilid Petrobius sp.. The inner medulla is supplied
by retinotopic interneurons (iTm) with dendritic trees in the outer
medulla [Me (o)]. A Cuccati bundle (cucc) separates the inner from the

outer medulla. The lamina (La) possesses at least three morphological
types of monopolar cells (L) that terminate at three levels in the outer
medulla. Centrifugal neurons (c) link the outer medulla back to the
lamina. D: Neuropil staining using anti-tachykinin demonstrates that
the optic lobes of the Australian machilid Allomachilis froggatti com-
prise three retinotopic neuropils: a lamina (La), a medulla divided
into an outer and inner layer [Me (o) and Me (i)], and a protolobula
(proto Lob), which receives retinotopic projections from the medulla
and extends from the lateral protocerebrum (L Pr). Scale bars � 500
�m in A,B; 50 �m in C; 150 �m in D.



Fig. 10. Basal insect and malacostracan compared. A: �-Aminobu-
tyric acid (GABA) immunohistology of an optic lobe of Triops reveals two
retinotopic synaptic neuropils (1, 2) connected by uncrossed axons. The
second of the two neuropils is an extension of the lateral protocerebrum
(L Pr). B: GABA immunohistology of the protolobula (proto Lob) of the
lateral protocerebrum of the phyllocarid malacostracan Nebalia puget-
tensis supplied by retinotopic projections (asterisk arrow) from the me-
dulla (Me), by means of a chiasma (o ch 2). Arrowheads indicate a small
and discrete neuropil supplied by uncrossed fibers from the medulla. The
medulla shows no evidence for a division into two parts by a Cuccati

bundle. This finding contrasts with the outer and inner layers [Me (o),
Me(i)] of the archaeognathan medulla (here Petrobius sp.) shown in C,
stained by reduced silver. The lateral protocerebrum (L Pr) and its
protolobula are revealed with a system of wide-field tangential neurons
(Tan). D: GABA immunohistology of Nebalia pugettensis, showing the
lateral protocerebrum (L Pr) at the level beneath the protolobula. Axons
extend centrifugally from the medulla (Me) by means of the first optic
chiasma (o ch 1) out to the lamina (La) where they end in a manner
similar to that of the centrifugal neuron observed in Machilis (c in Fig.
9C). Scale bars � 25 �m in A–D.



component, as has been described for hymenopterans (Ca-
jal and Sanchez, 1915; Strausfeld, 1976).

In the basal malacostracan Crustacea, here exemplified
by the phyllocarid Nebalia pugettensis (Fig, 10B,D), GABA
immunohistology shows that the lamina is connected to
the medulla by means of a system of crossed axons (a first
optic chiasma; Fig. 10D). The medulla (Fig. 10B,D), how-
ever, shows no evidence of being divided into two layers by
a Cuccati bundle. However, as in the Archaeognatha, ax-
ons from the medulla form a second optic chiasma. They
project into a lateral extension of the protocerebrum, here
also termed the protolobula (Fig. 10B), where they confer
an approximate retinotopic map of the medulla. There is
also a diminutive fourth optic neuropil, which is detached
from the protolobula and is supplied by uncrossed axons
from the medulla (Fig. 10B, arrowheads). The significance
of this satellite neuropil is discussed below.

Retinotopic organization in pterygotes and
eumalacostracans

There exist specific differences between insects and
crustaceans with respect to the retinotopic organization of
neurons in their medullas and lobula complexes.

As described previously (Strausfeld and Nässel, 1980),
in malacostracans and pterygotes, the retinal mosaic of
visual sampling units is faithfully represented by discrete
retinotopic ensembles of neurons in the lamina (the optic
cartridges) and medulla (columns). Even in nocturnal in-
sects such as Sphinx ligustri, the laminas of which lack
clearly defined cartridges (Strausfeld and Blest, 1970), R7
and R8 photoreceptor axons from the retina and monopo-
lar cell axons from the lamina nevertheless project point
for point into the medulla, so that there are as many
columns in the medulla as there are ommatidia in the
retina.

In insects and eumalacostracans, a bundle of axons from
each medulla column confers the retinotopic mosaic one-
to-one into the lobula, by means of the second optic chi-
asma. In the lobula, inputs from the medulla end amongst
palisades of efferent neurons, the axons of which extend
into lateral protocerebrum, where they terminate in islets
of neuropil termed optic foci (Strausfeld and Nässel,
1980). In most species, the dendritic trees of neurons in
the lobula are arranged as columnar arrays and have
bushy or inverted pyramid-like arborizations (Strausfeld
and Nässel, 1980). However, the spacing of these lobula
neurons can be radically different in insects and eumala-
costracans (Strausfeld and Nässel, 1980; Strausfeld,
1998). Reduced-silver preparations of the eumalacostra-
can optic lobe (Fig. 11A–C) show that the spacing of reti-
notopic columns across the lobula (Fig. 11B) is the same as
that of columns across the medulla (Fig. 11C). This orga-
nization is reflected by the dendritic domains of lobula
neurons, which Golgi impregnations show are narrow,
overlapping the dendrites of the immediately neighboring
neurons (Strausfeld and Nässel, 1980). This one-to-one
relationship between the retinotopic mosaic of the me-
dulla and that of neurons originating in the lobula, how-
ever, is not characteristic of insects. In insects, such as the
fly Musca domestica (Fig. 11D), incoming bundles to the
lobula are retinotopically organized (Braitenberg, 1970),
but the dendritic fields of neurons in the lobula are widely
spaced, each dendritic tree representing between six (for
example, in odonates and cyclorrhaphan Diptera) or mul-
tiples of six retinotopic columns (Braitenberg, 1970;

Strausfeld and Hausen, 1977). Such differences in archi-
tecture can be seen by comparing the lobulas in Figure
11A and D.

DISCUSSION

GABA immunoreactivity

To claim that similar organizations occur in divergent
taxa requires a method or methods that reliably select for
certain types of neurons. This requirement was the singu-
lar advantage of the vital dye methylene blue, which in
the early 1920s, was used to reveal comparable thoracic
interneurons in different insects (Zawarzin, 1924). In this
account, we have relied mainly on antibodies against
GABA, with supporting reduced-silver stains, to reveal
comparable architectures across taxa.

Sera that recognize GABA have been used to study the
distribution of this transmitter in a variety of species and
systems. Such studies include observations of the optic
lobes of flies (Meyer et al., 1986; Strausfeld et al., 1995),
the brains of honey bees (Shäfer and Bicker, 1986, Meyer
et al., 1986), the optic lobes of cockroaches (Fuller et al.,
1989), and the brain of the moth Manduca sexta (Homberg
et al., 1987). Of significance is that, in those cases where
different anti-GABA sera were used on the same system,
the sera recognized the same species of neurons (Meyer et
al., 1986; Strausfeld et al., 1995; Shäfer and Bicker, 1986).
The present study likewise reveals the same neurons that
were resolved by different GABA antisera (Meyer et al.,
1986; Strausfeld et al., 1995). For example, GABAergic
profiles previously identified in the lobula and lobula plate
of Calliphora and Sarcophaga (Meyer et al., 1986: Buch-
ner et al., 1988; Strausfeld et al., 1995) do not differ from
those described here from Phaenicia. The present identi-
fication of stratified GABAergic centrifugal endings in the
honey bee lamina confirms observations of the same
GABAergic system, using a different antibody against
GABA, by Schäfer and Bicker (1986). GABAergic profiles
in Manduca sexta revealed by the present antibody show
the same types of GABA-immunoreactive olfactory lobe
neurons described previously by Homberg et al. (1987),
also using a different anti-GABA serum. However, as also
reported by Meyer et al. (1986), we were unable to identify
any GABA-like immunoreactivity in photoreceptor axons
(Datum et al., 1986), possibly because those authors used
hot paraffin embedding, which can result in false posi-
tives. Used with appropriate embedding methods, anti-
bodies against GABA are reliable: they do not reveal cen-
trifugal cells to the lamina in some taxa and centripetal
cells from the lamina in others. Rather, across taxa, GABA
immunostaining consistently reveals comparable classes
of neurons.

Differences between eumalacostracan and
pterygote optic lobes

A hiatus of almost 75 years separates the early use of
optic lobe anatomy for inferring arthropod phylogeny
(Holmgren, 1916; Hanström, 1926a) from recent molecu-
lar and developmental studies that support the insects as
close relatives of the crustaceans (Averof and Akam, 1995;
Friedrich and Tautz, 1995; Giribet et al., 2001) as do
modern neuroanatomic studies (Strausfeld, 1998; Loesel
et al., 2002). Yet, still undetermined is to which crusta-
cean lineage or lineages insects are sisters of. The selec-
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Fig. 11. Reduced-silver comparisons of medulla and lobula retino-
topy in the optic lobe neuropils of the spiny lebbeid shrimp Lebbeus
groenlandicus (A–C) and the house fly Musca domestica (D). A–C: The
characteristically multistratified medulla (Me) and densely columnar
lobula (Lo) of decapod crustaceans. The horizontal axis of the lobula is
twisted relative to that of the medulla so that the planes of crossover
by axons in the first and second optic chiasmata appear to be (but are
not) at right angles to each other. B,C: Comparison of retinotopic
packing in the lobula (B) and medulla (C). Note the many glial cell
bodies in the medulla (three arrows), in addition to blood vessels (two

arrowheads). Both of these non-neural elements are lacking from the
lobula. D: Optic lobe neuropils of Musca domestica. Columnar orga-
nization in the lobula (Lo) appears coarsened, in comparison with that
of the medulla. The prominent Cuccati bundle, which extends into the
posterior optic tract (origin bracketed), divides the insect medulla into
an outer and inner component [Me (o), Me (i)]. This section shows the
lobula plate (Lo P) with one of its large horizontal tangential neurons.
The lack of glial cell bodies within the medulla is typical of insect but
not decapod optic lobes. o ch 1, 2, first and second optic chiasmata; Re,
retina. Scale bars � 50 �m in A; 20 �m in B,C; 50 �m in D.



tion of restricted character sets, such as elements of the
compound eyes, has been used to provide morphological
support for a crustacean–insect relationship (Paulus,
2000) and Dohle (2001) has suggested that even a single
shared character, that of four cone cells in an ommatid-
ium, allows insects and crustaceans to be considered as
monophyletic. However, this feature is not ubiquitous (see
Meinertzhagen, 1991), and as cautioned by Richter (2002),
it is still debated whether crustaceans themselves are
mono- or paraphyletic. This debate raises the further
question of whether there are characters shared by a
subgroup of crustaceans (e.g., Malacostraca) and insects.

Recent discussion about insect–crustacean relation-
ships has once again turned to neuroanatomical data.
Osorio (1991) proposed that, because the optic lobes of
insects and malacostracans are similarly constructed and
have such similar cell types, they are unlikely to have
evolved independently and convergently, a view subse-
quently modified to focus on lamina-medulla organization
and cell types (Osorio and Bacon, 1994; Nilsson and Oso-
rio, 1997). Harzsch (2002) argued that three nested optic
neuropils connected by two successive chiasmata are so
similar in morphology and cell type that these alone are
grounds for concluding that the lamina, medulla, and
lobula are synapomorphic characters uniting malacostra-
can crustaceans and insects. Anatomical support mus-
tered for such discussion referred to descriptions (Straus-
feld and Nässel, 1980) that showed obvious similarities in
the cellular organization in the lamina of malacostracans
and insects but fewer similarities between their deeper
regions. A comparative study (Strausfeld, 1998) has been
similarly recruited to support insect–malacostracan rela-
tionships on the basis of optic lobe similarities (Harzsch,
2002), although in Harzsch and Walossek (2001) this 1998
account was cited because of the differences described
between the malacostracan and insect optic lobes. Har-
zsch (2002) underpins his view of a malacostracan–insect
sister relationship with developmental studies (Wildt and
Harzsch, 2002) that show the lobulas in insects and ma-
lacostracans derive from a protocerebral cluster of prolif-
erative cells.

Meinertzhagen’s thoughtful 1991 review of visual sys-
tem evolution cautioned that the representation of the
receptor layer of the compound eye in successive neuropils
involves developmental constraints. Thus, independently
of phylogenetic factors, the imposition of retinotopy must
itself influence the organization and shapes of neurons.
Such considerations are, unfortunately, less emphasized
in much of the subsequent debate about optic lobe homol-
ogies, even though for another sensory system it has been
shown that modality-specific receptor organization, in
which odortypic receptor terminals cluster together, im-
poses such constraints (reviewed in Strausfeld and Hilde-
brand, 1999). Across disparate Phyla, first-order olfactory
neuropils can share analogous glomerular organization
and neuronal circuitry (reviewed in Hildebrand and Shep-
herd, 1997) that follows a basic blueprint also typical of
circuitry at the level of photoreceptors (Strausfeld and
Campos-Ortega, 1977; Strausfeld, 1989).

However, retinotopy may not be the single constraining
factor leading to comparable neuron shapes. Variations in
the shape and branching domains of neurons in the lam-
ina of different insects might be adaptations that allow
computation by the lamina to be independent of ecology
and light-gathering properties of the retina. Such adapta-

tions may be manifested by the shapes and extents of
GABAergic centrifugal neurons. In Ligia these are within
the range of morphologies demonstrated in insects. Even
the distinctive planar arrangement of GABAergic centrif-
ugal neurons in the laminas of shrimps is comparable to
planar arrangements in certain insects, such as the honey
bee. Such similarities between GABAergic centrifugal
neurons suggest that the same range of morphologies has
been conserved across malacostracan crustaceans and in-
sects. However, the exceptionally narrow-field C2 and C3
endings found so far only in cyclorrhaphan flies are here
interpreted as derived features that have evolved in tan-
dem with the acquisition of a neural superposition retina
and, concomitantly, the structural isolation of retina to
lamina projections to glia-ensheathed optic cartridges
(Shaw, 1989, 1990; Shaw and Moore, 1989).

The present study also demonstrates similarities in the
stratification and morphology of local centrifugal neurons
in the outer medulla of insects and through the depth of
the medulla of Ligia. However, we have been unable to
demonstrate structural equivalence between the inner
medulla of insects, lying under the Cuccati bundle, and
levels in the medulla of Ligia or other malacostracans.
Although the malacostracan medulla provides and re-
ceives wide-field tangential neurons to and from the pro-
tocerebrum, the axons of these neurons do not obviously
bundle into a discrete stratum but exit in a distributed
manner from the anterior and dorsal rim of the medulla.
Furthermore, few if any such tangentials are GABAergic,
whereas in insects many tangential cells that contribute
to the Cuccati bundle are. The existence of a discrete inner
medulla in insects, but its apparent absence in malacost-
racans, is here considered to be an important distinction
between these two groups of arthropods.

This difference, if confirmed by developmental studies,
would be significant: whereas it supports the origin of the
insect medulla from two Anlagen, it would speak against
a dual origin of the malacostracan medulla. In insects, the
lamina and outer medulla are known to originate from
neuroblasts in the outermost of two Anlagen, whereas the
inner medulla (that part beneath the Cuccati bundle) de-
rives from neuroblasts of the inner Anlage, which also
gives rise to the lobula complex (Meinertzhagen, 1973;
Meinertzhagen and Hanson, 1993; Hofbauer and Campos-
Ortega, 1990). Studies of the sine oculis mutant of Dro-
sophila, which partially or wholly lacks compound eyes,
demonstrate that, even if much of the lamina and outer
medulla are lacking, neuropils representing the inner me-
dulla and lobula plate (and lobula) are still present and
stratification in the lobula complex is independent of com-
pound eye development (Fischbach, 1982). Laser ablation
studies of the developing optic lobes of the fly Musca
domestica have also shown interdependence between the
inner medulla and lobula plate (Nässel and Geiger, 1983).
In contrast, studies on malacostracan optic lobe develop-
ment are ambivalent with regard to what contribution the
inner Anlage makes to the developing medulla (Wildt and
Harzsch, 2002). If such a contribution does exists, then it
does not obviously provide the same layered divisions as
that seen even in the Machilidea.

The observation that stratification appears to be inde-
pendent of compound eye development (Fischbach, 1982)
provides a baseline for comparison between taxa that is
independent of retinotopic constraints. It is, therefore,
significant that the widths, levels, and morphologies of
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GABAergic strata reflect differences of organization in the
eumalacostracan and insect lobula complexes. GABAergic
strata in the lobula complex of Ligia and Hemigrapsus
contrast with those of Phaenicia, whereas those of Pha-
enicia and Manduca are similar. A further disparity be-
tween pterygotes and eumalacostracans refers to projec-
tions into the lobula plate. In pterygotes, uncrossed sheets
of axons map each medullary column into the lobula plate
so that it faces the representation of the same column in
the lobula. Consequently, in insects, the class of Y-cells
from the medulla (Strausfeld and Blest, 1970) that pro-
vide bifurcating axons do so to optically equivalent loci
lying opposite each other in the lobula and lobula plate. In
Ligia, axons extending from the medulla into the lobula
plate are bundled, and uncrossed, and then spread out
into retinotopic loci. To date, we have not identified Y-cells
in Ligia, where the medulla appears to send undivided
axons separately to the two deeper neuropils.

Synapomorphies of malacostracans
and insects

The evidence thus far allows only two neuropils to be
confidently considered as homologous. We propose that
the lamina and the outer medulla of insects are homolo-
gous to the lamina and the whole depth of the medulla of
malacostracans. Even in the Machilidea, which are
claimed to be modern representatives of the earliest ter-
restrial insect known from the fossil record (Labandeira et
al., 1988; but of interest is the enigmatic taxon described
by Haas et al., 2003), the medulla is clearly divided into
two distinct layers by a bundle of tangential axons. This
finding contrasts with the medulla of the phyllocarid Ne-
balia.

However, in Nebalia the medulla sends crossed axons
into a clearly defined dorsolateral protrusion from the
lateral protocerebrum, which Hanström (1926b) even
called the “medulla interna.” This structure is obviously
retinotopic. With respect to its location and chiasmal sup-
ply, the protolobula of Nebalia is comparable to a
machilid-like third optic neuropil. However, in machilids,
the layered and retinotopic protolobula is hallmarked by a
deep layer containing dendrites of giant tangential neu-
rons. This arrangement is comparable to that seen in
those pterygote groups in which the lobula complex lacks
a discrete lobula plate but has a deep layer of tangential
neurons. An example of such an arrangement is in Hyme-
noptera and certain Odonata (Strausfeld, 1976), although
in some odonates there is a clear separation of this deeper
component into a separate neuropil supplied by uncrossed
axons from the lobula (Strausfeld, unpublished). In the
honey bee lobula, the tangential neurons of this deep layer
receive the terminals of T5 cells, the dendrites of which
reside in the lobula’s distal-most stratum (Cajal and
Sanchez, 1915). In Diptera (and other insects possessing a
lobula plate), T5 neurons extend their axons from the
eponymous layer of the lobula across to giant motion-
sensitive tangential neurons located in the lobula plate
(Strausfeld and Lee, 1991). We have not seen any similar
system of tangentials in the Nebalia protolobula, although
it is possible that their absence is a secondarily derived
feature.

The question next arises whether the small satellite
optic neuropil in Nebalia (Fig. 10B), which is separate
from the lateral protocerebrum and which receives un-
crossed projections from the medulla, represents an an-

cestral fourth optic neuropil, which in Ligia provides the
lobula plate. This possibility finds support from observa-
tions of other eumalacostracans, in which satellite neuro-
pils have now been identified, as in Palaemonetes pugio
(Fig. 12A,B). As in Ligia (Fig. 12C,D), this retinotopic
fourth optic neuropil receives uncrossed axons from the
medulla.

Similarity with the lobula plate of insects, however, is
problematic, because if the pterygote lobula plate is sug-
gested to be homologous to the fourth optic neuropil of
crustaceans, then why is there no satellite neuropil ob-
served in the most primitive apterygotes? Although con-
tiguous with the lateral protocerebrum, the archaeog-
nathan lobula is constructed like the hymenopteran lobula
with its wide-field tangential cells contiguous with the
lobula rather than in a separate fourth neuropil, as in the
Diptera. Does the presence in only some pterygote orders
of a fourth neuropil receiving uncrossed axons suggest
that this neuropil arose independently, possibly from a
deep layer of the lobula? Or, conversely, is the deep level
of the archaeognathan-type lobula secondarily derived
from a fusion of a separate fourth neuropil to the base of
the third?

Thus, if it is proposed that the lobula unites malacost-
racan crustaceans and insects (Harzsch, 2002), it is still
necessary to recognize these major differences in lobula
complex organization and to determine the origin of the
lobula plate in insects. A schematic suggesting possible
relationships that allow comparisons between the insect
lobula plate and malacostracan satellite neuropils is
shown in Figure 12E.

One further anatomical distinction between pterygotes
and eumalacostracans needs to be considered, however.
Namely, in the eumalacostracan crustaceans, the retino-
topic spacing of the lamina and medulla is preserved in
the lobula (Fig. 11A–C), whereas the mosaic is coarsened
in the lobulas of pterygote insects (Fig. 11D). First docu-
mented for cyclorrhaphan Diptera (Braitenberg, 1970;
Strausfeld and Hausen, 1977; Strausfeld and Nässel,
1980), this coarsening appears to be ubiquitous as it has
now been observed in species belonging to the Hymenop-
tera, Lepidoptera, Odonata, and Hemiptera. Possibly, this
difference of architecture between insects and eumalacos-
tracans explains why GABAergic organization appears so
different in the lobula of Phaenicia compared with that of
Ligia, but so similar between the lobulas of Phaenicia and
Manduca.

Are such differences a derived feature of pterygote in-
sects or might they speak for independent origins of the
lobula complex? Differences in the arrangements, shapes,
and layers of neurons in the lobulas of malacostracans and
insects (see Strausfeld and Nässel, 1980; Strausfeld, 1998)
could still indicate independent origins of these deep optic
lobe neuropils. And although similarities in neuronal
shapes have been recruited for arguing a malacostracan�

insect clade (Harzsch, 2002), such similarities may be, as
Meinertzhagen (1991) has cautioned, due to developmen-
tal constraints rather than to common origins.

The suggestion that insects may be paraphyletic (Nardi
et al., 2003) demonstrates that insect–crustacean phylo-
genetic relationships are by no means resolved (see Rich-
ter, 2002), even though several cladistic analyses by using
molecular data sets propose a sister-group relationship
between malacostracan crustaceans and insects (Wilson
et al., 2000; Hwang et al., 2001). This relationship awaits
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Fig. 12. A–D: Comparisons of fourth optic neuropils in decapod and
peracarid eumalacostracans. A,B: Palaeomonetes pugio. Consecutive
sections showing the fourth optic neuropil (4th) supplied by bundles of
uncrossed axons (arrowed) from the medulla (Me). The lobula (Lo) re-
ceives crossed axons from the medulla. C,D: Ligia occidentalis. The
fourth optic neuropil (lobula plate) is similarly disposed above and be-
hind the lobula. In Ligia, this neuropil contains giant tangential neurons
(G). Inset shows continuation of giant axon in next section. E: Proposed
relationships of crustaceans and insects with reference to optic lobe
organization. A hypothetical ancestor is proposed to have given rise to
scutigeromorph-type optic lobes—the second neuropil of which is de-
tached from the protocerebrum (unshaded outline) and is connected to
the first optic neuropil by uncrossed fibers (Strausfeld, unpublished

observations)—and crustacean–insect type optic lobes, which in the
branchiopods comprise two neuropils, the second contiguous with the
protocerebrum. Malacostracans (here, phyllocarids, decapods, isopods)
and insects (archaeognathans and pterygotes) have at least three reti-
notopic optic neuropils. A fourth neuropil is seen in phyllocarids, certain
pterygote orders, and eumalacostracans. A structurally equivalent neu-
ropil (see text) is attached beneath the lobula of archaeognathans and
certain pterygote orders (e.g., Hymenoptera). Pterygotes with distinct
lobula plates receiving uncrossed axons from the medulla are exempli-
fied by Diptera, Coleoptera, and Lepidoptera. Insects are united by
possessing a divided medulla. Insects and malacostracans are united by
two chiasmata and by the presence of a protolobula. Scale bars � 25 �m
in A,B; 50 �m in C,D.



definitive corroboration by morphological and anatomical
characters. Here, we suggest that an optic lobe comprising
two nested visual neuropils and a protolobula, which is
still fused to the lateral protocerebrum, and involving
successive optic chiasmata, is characteristic for the
ground plans of malacostracans and insects. Thus, the
occurrence of a second chiasma and a protolobula is sug-
gested to be synapomorphic for a malacostracan/insect
clade, because this conjunction of structures is unknown
from any other arthropod group. What is still unresolved
is whether fourth optic neuropils (satellite neuropil, lobula
plates) and lobulas possessing two distinctive architec-
tures have evolved independently within malacostracans
(Eumalacostraca) and insects (Pterygota).
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