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Motion information provides essential cues for a wide variety of animal behaviors such as mate, prey, or
predator detection. In decapod crustaceans and pterygote insects, visual codification of object motion is
associated with visual processing in the third optic neuropile, the lobula. In this neuropile, tangential
neurons collect motion information from small field columnar neurons and relay it to the midbrain where
behavioral responses would be finally shaped. In highly ordered structures, detailed knowledge of the
neuroanatomy can give insight into their function. In spite of the relevance of the lobula in processing
motion information, studies on the neuroarchitecture of this neuropile are scant. Here, by applying dex-
tran-conjugated dyes in the second optic neuropile (the medulla) of the crab Neohelice, we mass stained
the columnar neurons that convey visual information into the lobula. We found that the arborizations of
these afferent columnar neurons lie at four main lobula depths. A detailed examination of serial optical
sections of the lobula revealed that these input strata are composed of different number of substrata and
that the strata are thicker in the centre of the neuropile. Finally, by staining the different lobula layers
composed of tangential processes we combined the present characterization of lobula input strata with
the previous characterization of the neuroarchitecture of the crab’s lobula based on reduced-silver
preparations. We found that the third lobula input stratum overlaps with the dendrites of lobula giant
tangential neurons. This suggests that columnar neurons projecting from the medulla can directly
provide visual input to the crab’s lobula giant neurons.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Many crustacean decapods are highly visuals animals that
exhibit elaborated visual guided behaviors. Some of these involve
visuomotor control, navigation, conspecific and predator recogni-
tion, and social communication (Backwell et al., 2000; Christy,
1988a,b; Land and Layne, 1995a,b; Woodbury, 1986). The decapod
visual system is composed of a compound eye and three successive
optic neuropiles which are contained within the eyestalk: the
lamina, the medulla and the lobula (Strausfeld and Nässel, 1980).
These neuropiles are organized into retinotopically ordered colum-
nar units intersected by orthogonal tangential strata. Columnar
units mainly consist of columnar neurons, while tangential strata
comprise lateral processes of columnar neurons, amacrine cells
and neurites from tangential cells. Inside of each columnar unit
there are different cell types supposed to code parallel channels
of visual information (e.g. motion, colour, e-vector polarization).
These columnar elements feed different wide field tangential
neurons which convey visual information to the midbrain to finally
guide specific behaviors (Glantz and McIsaac, 1998; Haag et al.,
2010; Paulk et al., 2008; Tomsic et al., 2003).

In decapods and insects, the third optic neuropile, the lobula, is
a key neuropile in the processing of motion information (Berón de
Astrada and Tomsic, 2002; Glantz and Schroeter, 2006; Horseman
et al., 2011; O’Shea and Williams, 1974; Paulk et al., 2008). In deca-
pods, physiological studies in the crab Neohelice granulata identi-
fied four types of wide field motion sensitive neurons whose
dendrites extend tangentially along the lobula and relay motion
information to downstream areas of the nervous system (Berón
de Astrada and Tomsic, 2002; Medan et al., 2007). These neurons,
collectively called lobula giant (LG) neurons respond to focal
motion stimuli with strong discharges of action potentials that
are superimposed on noisy graded potentials (Berón de Astrada
and Tomsic, 2002; Medan et al., 2007). LG neurons present strong
responses to the same motion stimuli that evoke animal escape
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behaviors. The response strength of LG neurons tightly correlates
with the intensity of the escape across a wide range of experimen-
tal conditions. Briefly, LGs activity anticipates the animal escape
response by approximately 120 ms; the time courses of the neural
responses evoked by different types of visual stimuli reflect the
temporal dynamics of the escape; and the neural response also
reflects escape behavior modifications that are induced by differ-
ent types of training and the resultant short- and long-term mem-
ory (Oliva et al., 2007; Sztarker and Tomsic, 2008, 2011; Tomsic
et al., 2003).

Even though the lobula of decapods has been shown to be a cen-
tre of high-level visual integration, there are few studies exploring
its neuroarchitecture (Strausfeld and Nässel, 1980; Sztarker et al.,
2005). These studies were performed in two groups of animals:
crayfishes and crabs. In both groups the lobula is a kidney-shaped
neuropile which comprises several tangential strata. According to
the position of the arborizations of lobula columnar neurons, the
crayfish lobula has been divided in seven main strata (Strausfeld
and Nässel, 1980). Three of these strata receive retinotopic inputs
from the medulla while the other four strata are defined by the
arborizations of columnar neurons that connect the lobula with
downstream visual centres. Alternatively the crab’s lobula has
been classified according to the main orientation of the tangential
processes. Based on reduced silver preparations of crab optic gan-
glia, Sztarker et al. (2005) noted that the pattern of fiber staining in
longitudinal sections appears different from that observed in trans-
verse sections. This is because tangential processes extending
across columnar neurons run either along the anteroposterior or
the lateromedial axis of the neuropile. Thus, the authors defined
four layers composed by lateromedial tangential processes
(LMT1-4) and five layers composed of anteroposterior tangential
processes (APT1-5).

Recently, we have developed a preparation for studying the
population calcium response of columnar elements of crab’s optic
ganglia (Berón de Astrada et al., 2013). By applying dextran-conju-
gated calcium indicators in the medulla we stained the medulla
columnar neurons that project into the lobula and studied the
physiology of lobula columnar elements. However, a detailed mor-
phological characterization of the lobula input strata of crabs has
been lacking. Thus, in the present study we employed mass stain-
ings to morphologically characterize the lobula input strata and to
allocate these strata in relation to the layers composed of tangen-
tial processes (Sztarker et al., 2005). We first show that mass stain-
ing with dextran-conjugated fluorescent indicators effectively
allows us to identify the principal input elements from the two
best known optic neuropiles of decapoda, the lamina and the
medulla. Then, we characterize the input strata of the less explored
lobula neuropile. We found that in the crab, there are four lobula
input strata; that these strata are composed of different number
of substrata; and that the thickness of the strata encompasses
the shape of the lobula. Finally, by staining the lobula layers com-
posed by lateromedial tangential processes (LMT layers), and
studying the autofluorescence profile of the neuropile, we allocate
the lobula input strata in relation to the layers composed of tan-
gential processes.
2. Material and methods

2.1. Animals

Animals were adult male Neohelice granulata (=Chasmagnathus
granulatus) crabs measuring 27–30 mm between the lateral cara-
pace spines (Fig. 1A). They were collected from water less than
1 m deep in the rias (narrow coastal inlets) of San Clemente del
Tuyú, Argentina, and transported to the laboratory where they
were lodged in plastic tanks (35 � 48 � 27 cm) filled to 0.5 cm
depth with artificial seawater (salinity 1.0–1.4%, pH 7.4–7.6;
Pedreira et al., 1998). The holding room was maintained at 20–
24 �C on a 12 h light: dark cycle.

2.2. Dye staining

Mass staining with dextran coupled to fluorescent molecules
was performed using dextran-Alexa Fluor 488 or dextran-Texas
Red (3000 MW, Molecular Probes). Dextran-conjugated fluorescent
indicators are commonly applied to neural pathways where the
fluorescent dextrans are taken up by neurons and transported in
an anterograde and retrograde direction (Grienberger and
Konnerth, 2012; Utting et al., 2000). Thus, to stain different neuro-
nal pathways of the crab’s visual system a fine glass micropipette
coated with crystals of dextran-conjugated dye was gently inserted
into the retina or the optic neuropiles (Fig. 1B; Gelperin and Flores,
1997).

To apply the dye into the retina, the crab was held in an adjust-
able clamp and placed on ice under a dissecting microscope. The
glass micropipette coated with dextrans was inserted through
the cornea into the retina. The probe was gently rotated and then
removed after 5–10 s, leaving a spot of dye behind. To apply the
dextran into the optic neuropiles, the left eyestalk was fixed in hor-
izontal position. A small piece of cuticle was removed and the optic
neuropiles were exposed in order to apply the dextran in the neu-
ropile of interest. After depositing the dye, the piece of cuticle
removed from the eyestalk was put back in place and cemented
with calcium hydroxide.

Twenty four hours after the dye application, animals were cold
anaesthetized and the optic lobe was dissected and fixed overnight
(4% paraformaldehyde in phosphate buffer 0.1 M, pH 7.2). After
five 20-min washes with phosphate buffer, the tissue was dehy-
drated in ethanol series and cleared in methyl salicylate. In some
preparations, the staining was performed with the two fluorescent
conjugated dyes but we observed no difference in the neuronal ele-
ments stained.

2.3. Images

The optic lobes were imaged as whole mounts in a slide which
has a side to side perforation that enables to image the tissue from
a posterior and an anterior view. At one side, a coverslip was glued
with transparent varnish. The optic lobe was placed in the resul-
tant chamber. The preparation was covered with another coverslip
and scanned with a confocal microscope (Olympus, Fluoview FV
1000 or FV 300-Lasers Ar488 nm; HeNe green 543 nm). Optical
slices were acquired at 1–5 lm intervals. The illustrations pre-
sented here are z projections of the three-dimensional stacks
adjusted for brightness and contrast.

2.4. Coordinates of the optic lobe and planes of optical sectioning

Neohelice has mobile eyestalks normally oriented at an angle of
50� from the horizontal plane (Fig. 1A and B). Such orientation
complicates the definition of a reference system. Thus, for the sake
of simplicity, we refer to a coordinate system in which the eyestalk
is oriented at 90� from the horizontal plane (Berón de Astrada et al.,
2011). Transverse sections were obtained by performing the opti-
cal sectioning along the long axis of the eyestalk and along the lat-
eromedial axis of the animal. Longitudinal sections were obtained
by performing sections along the long axis of the eyestalk and
along the anteroposterior axis of the animal.



Fig. 1. The visual system of Neohelice granulata and mass staining of the photoreceptor projections. (A) Frontal view of an adult male crab. (B) Diagram of the right eyestalk
(dashed rectangle in A) that illustrates the compound eye retina and the organization of the optic lobe. The optic lobe is composed by three optic ganglia (lamina, medulla and
lobula) and the lateral protocerebrum. (C) Crystals of dextran-conjugated dye were locally applied in the retina (asterisk) to stain the photoreceptors projections. The scheme
illustrates the site of dye application and the expected pattern of stained projections (green lines, see text). (D) Transverse optical section that shows the stained bilayered
arrangement of photoreceptors terminals (R1–R7) in the lamina (black bracket). The projections of the R8 photoreceptors cross the chiasma between lamina and medulla
(white arrow) to end superficially in the medulla (white arrowhead). (E) Higher magnification of the photoreceptors terminals (R1–R7) in another preparation. (F)
Enlargement of the R8 terminals in another preparation. Re, retina; La, lamina; Me, medulla; Lo, lobula; LPc, lateral protocerebrum; OCh1 first optic chiasma; D, dorsal; V,
ventral; L, lateral; M, medial. Scale bars in A 1 cm; in D 100 lm; in E and F 50 lm.
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3. Results

3.1. Lamina and medulla inputs

In decapods, visual information is conveyed retinotopically
from the compound eye retina into the lamina through seven pho-
toreceptors (designated as R1-R7) and into the medulla through
one photoreceptor (R8) (Berón de Astrada et al., 2011; Sztarker
et al., 2009). To trace the photoreceptor projections we dye stained
the retinula cells with local applications of crystals of fluorescent
dextran in the retina (Fig. 1C). In the lamina plexiform layer the
staining revealed the typical bilayered arrangement of photorecep-
tor endings observed in crabs and other decapods (Fig. 1D, black
bracket; Sztarker et al., 2009). At the borders of the mass stainings,
we mainly identified large vertically oriented terminals character-
istic of crab’s photoreceptor endings (Fig. 1E). In the medulla, slen-
der fibers end superficially as irregular swellings which clearly
resemble Neohelice’s R8 terminals (Fig. 1D; F, white arrowhead;
Sztarker et al., 2009).

The medulla receives visual information from the lamina
through first-order visual interneurons called lamina monopolar
cells (M) and T-cells (Sztarker et al., 2009). In Neohelice, at least
ten different types of lamina monopolar cells and two types of
T-cells have been morphologically identified. The axons of these
columnar neurons extend across the first optic chiasma to end
retinotopically at various depths in the medulla. All these medulla
input neurons have arborizations extending within a single car-
tridge (Sztarker and Tomsic, 2014). To stain the crab’s medulla
input neurons, we applied fluorescent dextran in the lamina
(Fig. 2A, asterisk). The most prevalently stained neuronal elements
corresponded to columnar projections with terminal arborizations
at different levels of the distal medulla (Fig. 2B–D, F, G). As was
observed with Golgi impregnations, these terminals are apparently
confined to a single cartridge. Even though mass staining does
not seem to be the most suitable methodology to characterize
individual neurons, in the periphery of the stainings we recognized
different medulla input neurons recently described in Neohelice
(Sztarker and Tomsic, 2014). For example, neurons in Fig. 2H–K
correspond to different lamina monopolar cells (likely to the
subtypes of lamina monopolar cells: M4, M2, A2 and A1) while
neurons in Fig. 2L and M correspond to T-cells.

Additionally, in some intensely stained preparations we
observed slender columnar fibers with branches in the proximal
medulla (Fig. 2D and E). These fibers resemble the insect centrifu-
gal neurons C2 and C3 (Strausfeld and Blest, 1970). The terminals
of C2 and C3 had been previously identified in the lamina of
Neohelice but not their location in the medulla (Sztarker et al.,
2009).

Results of Figs. 1 and 2 indicate that mass staining with
dextran-conjugated fluorescent dyes stained some of the principal
input neurons of the lamina and medulla. Thus, we used this
methodology to investigate the input strata of the lobula which
has been much less studied.
3.2. Lobula input strata

Neurons projecting from the crab’s medulla to downstream
neuropiles were stained by applying the dye in the middle of the
neuropile (Fig. 3A and B asterisks). In the medial side of the
medulla, we found stained large neurites of tangential neurons
leaving the neuropile by its medial pole (not shown). Previous
intracellular stainings revealed that at least some of these arboriza-
tions correspond to sustaining and dimming neurons which relay
information directly to protocerebral centres in the brain (Berón
de Astrada et al., 2009). Other cells stained were medulla columnar
neurons that project into the lobula through the second optic chi-
asma (Fig. 3A and B). The arborizations of these neurons lie stag-
gered at four strata (Fig. 3B and C, brackets). The two distal
strata looked always the widest of all and the two inner strata
the thinnest. Besides, the most proximal stratum used to appear
the less stained one. The relative position of the three outer strata
match with the three lobula input strata (Li1, Li2, Li3) described by
Strausfeld and Nässel (1980) for the crayfish’s lobula. Thus, we will
also designate them as Li1, Li2 and Li3; and we will annotate the
most distal one Li4.



Fig. 2. Mass staining of neurons connecting the lamina with the medulla. (A) To stain the neurons connecting the lamina with the medulla we applied crystals of fluorescent
dextran (asterisk) in the lamina (inset). The panel shows a transverse section of the optic ganglia where different stained fibers can be seen reaching the medulla (white
bracket). (B–D, F, G) Representative preparations in which neurons connecting the lamina with the medulla end at distinct medulla levels. In most preparations these
arborizations occur in the distal medulla and seem confined to a single visual column. (D and E) In a few preparations, slender fibers are seen arborizing in a proximal medulla
stratum (arrows in E). Dashed lines delimit the proximal border of the medulla neuropile. These elements are similar to the centrifugal neurons C2 and C3 described in
insects. (H–M) At the borders of the mass staining individual cells can be recognized. Neurons in panels H–K correspond to different lamina monopolar cells whereas neurons
in L and M correspond to T-cells (Sztarker and Tomsic, 2014). Lamina monopolar cell in panel J is an enlargement of the neuron marked with a white arrowhead in panel C).
La, lamina; Me, medulla; Lo, lobula; OCh1 first optic chiasma; OCh2 second optic chiasma; D, dorsal; V, ventral; L, lateral; M, medial. Scale bars in A 100 lm; in B–D, F 50 lm;
in E 35 lm; in G–I 25 lm; in J–M 10.
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3.3. Lobula input substrata

A closer look at the strata in the centre of the lobula – where the
visual columns are longer and the optical images are parallel to the
neural columns – allowed us to notice that the columnar strata
Li1–Li3 are composed of different substrata (Fig. 3D–F). The
stratum Li1 is composed of four substrata (Fig. 3D). The most distal
one (designated as Li1-1) is the widest of all while Li1-3 and Li1-4
are the ones that systematically showed the most intense fluores-
cence. The stratum Li2 is composed of three substrata (Fig. 3E).
These substrata have similar widths and showed similar fluores-
cence intensity. In some intensely stained preparations, we also
observed stained a thin tangential layer between Li2-1 and Li2-2
(not shown). The stratum Li3 is composed by two substrata
(Fig. 3F). Li3-1 typically looked thinner and less intensely stained
than Li3-2. With respect to Li4 we did not observe any clear
substratification (Fig. 3G).

3.4. Input strata composition

The different strata appear to be composed of collateral
branches of columnar neurons. Fig. 3H shows a central optical slice
of the lobula in which the staining is less dense and some terminal
branches can be disclosed; Fig. 3I shows arborizations of different
neurons principally at Li2 and Li3; and Fig. 3J shows columnar
neurons probably of the same type arborizing at Li3 (arrows).
The following panels of Fig. 3 illustrate some individual neurons
that could be recognized at the borders of some mass stainings



Fig. 3. Organization of lobula columnar input strata. (A and B) To stain the projections of medulla columnar neurons reaching the lobula we applied crystals of fluorescent
dextran (asterisks) in the middle of the medulla (inset). The images correspond to transverse optical sections of the medulla and lobula in which the projections of medulla
columnar neurons can be seen crossing the second optic chiasma (OCh2) and arborizing at different lobula levels (brackets in A, B). (C) The medulla projecting columnar
neurons arborize in four main lobula strata named lobula input strata (Li1, Li2, Li3 and Li4, according to Strausfeld and Nässel (1980)). (D–G) Enlargements of the input strata
shown in panel C. (D) The stratum Li1 is composed of four substrata denominated from periphery to centre Li1-(1-4). (E) The stratum Li2 is composed of three substrata
denominated Li2-(1-3). (F) The stratum Li3 is structured by two substrata denominated Li3-1 and Li3-2. (G) The stratum Li4 does not present substratification. (H–J) Regions
of the mass staining in which the mark is less dense. (H) Collateral branches can be observed at different lobula strata. (I) Different terminal arborizations can be visualized
both in Li2 and Li3. (J) Three neurons likely of the same type present terminal arborizations in Li3 (white arrows). (K–Q) Individual neurons identified at the borders of some
mass stainings. (K) Neuron with terminal branches restricted to Li1. Panel L shows a neuron with terminal arborizations confined to Li2. Panels M, N illustrate neurons with
arborizations at two strata (Li1 and Li3, white arrowheads). In O two different kind of neurons resulted stained, one with arborizations that end at Li1 (white arrows) and
another one with arborizations that end at Li3 (black arrow). Notice that in panels N and O the vertical extent of the lobula is considerably smaller than in previous panels as
these optical sections correspond to the periphery of the neuropile. (P and Q) Neural elements with vertical bifurcations that arborize at Li3 (white arrows). The bifurcations
occur at Li2-2 (P) or LI2-3 (Q). Dashed lines in L, N and O delimit the distal border of the lobula neuropile. La, lamina; Me, medulla; Lo, lobula; OCh2 second optic chiasma; D,
dorsal; V, ventral; L, lateral; M, medial. Scale bars in A–B 200 lm; in C–G 25 lm; in K–Q 15 lm.
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(Fig. 3K–Q). Fig. 3K and L show individual neurons with short
terminal arborizations restricted to Li1 and Li2 respectively
(arrows). Alternatively, the neuron in Fig. 3M arborizes at two
strata, Li1 and Li3 (arrowheads). This neural pattern of branching
closely resembles that of a transmedullar neuron we have previ-
ously recorded electrophysiologically and stained intracellularly
(Berón de Astrada et al., 2013). The cell body of the neuron was
located above the medulla and possessed fine branches in a
proximal layer of this neuropile. Illustrations in Fig. 3N and O
correspond to the periphery of the lobula where the columns are
shorter (see next section). The neurons in 3N share their pattern
of arborization with the neuron of Fig. 3M. Instead, in Fig. 3O



Fig. 4. Vertical extent of the lobula across the lateromedial and the anteroposterior axis. (A) Transverse optical section of the lobula with two sets of columnar neurons
stained; one located in the lateral side of the lobula and the other in the middle of the neuropile. (B) Longitudinal optical section of the lobula with columnar projections
stained from the centre to the anterior side of the neuropile. (C) Scheme from a tangential view of the lobula which illustrates the positions analyzed. (D) Quantification of the
relative columnar length across a transverse section of the lobula. (E) Quantification of the relative columnar length across a longitudinal section of the lobula. In both axes
there is an increase of the columnar length towards the centre of the neuropile. Length values were normalized to the maximal columnar size. La, lamina; Me, medulla; Lo,
lobula; OCh2 second optic chiasma; D, dorsal; V, ventral; L, lateral; M, medial; A, anterior; P, posterior. Scale bars in A–B 100 lm.
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two types of neurons can be distinguished. One type of neuron
(white arrows) with terminal arborizations extending beyond a
single visual column in Li1 (white arrowhead), and another one
with terminal branches in Li3 (black arrow) likely of the same type
of neurons observed in 3J. A feature that we observed repeatedly is
that neurites originating in one visual column diverge vertically to
finally arborize at different positions in Li3. These bifurcations
occur at least at two distinct substrata, Li2-2 and Li2-3 (Fig. 3P
and Q respectively).

3.5. Variation in the thickness of the input strata

Across transverse and longitudinal sections of the lobula, the
thickness of at least Li1 and Li2 looks higher in the centre of the
neuropile than in the periphery (Fig. 4A–C). Since this variation
seems to follow the kidney-shaped structure of the neuropile, we
estimated the relative variation in thickness of the input strata
by measuring the length of a lobula column from its apical surface
to the Li3 stratum which position can be easily estimated by auto-
fluorescence (see next section). Fig. 4D shows that across a trans-
verse section taken from the middle of the neuropile there is a
gradual increase in the length of the lobula columns towards the
centre of the ganglion. A similar variation is observed across a lon-
gitudinal section (Fig. 4E). Thus, the longest lobula visual columns
seem to be those located at the centre of the neuropile.

3.6. Relative position of the lobula input strata and the tangential
strata

Based on reduced-silver preparations of the crab’s optic gan-
glia, Sztarker et al. (2005) defined four lobula layers composed
by lateromedial tangential (LMT) processes and five layers
composed by anteroposterior tangential (APT) processes. To put
together the information of the lobula input strata (Fig. 3) with
that of the lobula tangential processes, we stained the LMT
layers with the same methodology used in the present work.
By applying crystals of fluorescent dextran in the medial side
of the lobula (Fig. 5A, asterisk) we stained the processes of neu-
rons running along LMT strata (Fig. 5A and B). From the dis-
tal surface of the lobula to the proximal surface we recognized
four LMT layers labelled (LMT1, LMT2, LMT3 and LMT4). Addi-
tionally, we found stained slender lateromedial processes run-
ning between LMT1 and LMT2 and between LMT2 and LMT3
(Fig. 5B, arrowheads).

The strategy to recognize the anteroposterior tangential layers
(APT1-APT5) was more opportunistic. With the relative position
of LMT layers as reference, we identified APT2, APT3 and APT5
as those layers of the lobula that posses less autofluorescence
in stained or unstained preparations (Fig. 5C). Besides, we knew
that the principal neurites of the monostratified lobula giant
neurons run along APT4 (Medan et al., 2007) and that these neu-
rites can be distinguished by autofluorescence regularly distrib-
uted along the lateromedial axis of the neuropile (Fig. 5C,
black arrowheads). Unfortunately, we did not find any evident
morphological feature that allows us to identified APT1 by
autofluorescence.

Then, taking into account the relative position of the
different tangential layers of the lobula and the autofluorescence
profile of the preparations, we matched the strata defined by
the collaterals of lobula-afferent columnar neurons with the
layers defined by tangential processes. An outline is shown in
Fig. 6.



Fig. 5. Identification of the lateromedial and anteroposterior tangential layers of the lobula. (A) Crystals of fluorescent dextrans were applied in the medial side of the lobula
(asterisk) to stain the tangential processes that extend lateromedially across the neuropile (inset). The picture is from a transverse optical section which shows the dye
staining in the lobula. (B) Enlargement of the optical section shown in A. Based on the relative position of the stained elements we identified the lateromedial tangential layers
previously described for the crab’s lobula (LMT1, LMT2, LMT3 and LMT4; Sztarker et al., 2005). Additionally, we found stained thinner processes running lateromedially
between LMT1 and LMT2; and between LMT2 and LMT3 (white arrowheads). (C) The anteroposterior tangential layers (APT2–APT4) were identified by their low
autofluorescence. The principal dendrite of the monostratified lobula giant neurons (black arrowheads) can also be recognized due to their low autofluorescence. La, lamina;
Me, medulla; Lo, lobula; LMT, lateromedial tangential strata; APT, anteroposterior tangential strata; D, dorsal; V, ventral; L, lateral; M, medial. Scale bars in A 100 lm; in B–C
50 lm.

Fig. 6. Interpretative scheme of the neuroarchitecture of the crab’s lobula. Left: Transverse section of a reduced silver staining of the lobula (modified from Sztarker et al.,
2005). The tangential layers are marked to the left. The lateromedial layers are coloured in red and the orange ones correspond to the thin layers observed in the present work.
Right: Optical section of a mass staining with fluorescent dextran of the lobula input strata. The lobula input strata are coloured in green. The optical section ends before the
Li4 stratum, so a gray rectangle was added to draw the location of Li4. The diagram between the two photographs synthesizes the estimated relative position of the tangential
layers and input strata of the lobula. LMT, lateromedial tangential layer; APT, anteroposterior tangential layer; Li, lobula input stratum.
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4. Discussion

In the present work, based on a methodology that proved to be
appropriate to stain the afferent columnar elements of the lamina
and medulla (Fig. 1 and 2) we have identified four different lobula
strata that communicate the crab’s medulla with the lobula (Fig. 3).
In the arthropod visual systems fine branching seems to be a fea-
ture of postsynaptic dendrites while a varicose and baggy appear-
ance seems to be a characteristic feature of presynaptic axonal
terminals (Fischbach and Dittrich, 1989), thus the varicose appear-
ance of the strata stained here support the notion that these strata
convey visual information into the lobula. While being less proba-
ble it is possible we have also stained, for example, medulla den-
drite-like processes that convey information from the lobula to
the medulla (i.e. efferent pathways). With this caveat in mind
and according to a previous characterization of the neuroarchitec-
ture of crayfish’s lobula (Strausfeld and Nässel, 1980) we have pre-
liminary called the lobula layers described here lobula input strata
(Li1, Li2, Li3 and Li4). The crabs Li1 lies just above the second layer
composed by anteroposterior tangential processes (APT2; Sztarker
et al., 2005) and seems to reach the distal surface of the lobula
(Fig. 6); Li2 lies above APT3; Li3 lies between APT3 and APT4; while
Li4 lays bellow APT5 close to the proximal surface of the lobula.

Moreover, when we looked at the input strata in the centre of
the lobula we noted that except for Li4 each stratum is indeed
composed of a different number of substrata. Li1 contains four lay-
ers of collateral branches of columnar neurons; Li2 is composed of
three layers, while Li3 is composed of two layers (Fig. 3D–F). The
collateral branches that compose a substratum can originate in
columnar neurons that arborize at a single level of the lobula
(e.g. Fig. 3K, L, O) or in neurons that arborize at more than one level
(e.g. Fig. 3M and N). Each visual column of arthropods optic ganglia
is represented at the first optic chiasma by more than 15 different
neurons (Sztarker et al., 2009), whereas at the second optic chi-
asma it is possibly represented by as many as 50 different neurons
(Strausfeld, 1976). A detailed characterization of different lobula
afferent neurons goes beyond the possibilities of the present meth-
odology mainly because individual neurons are recognizable only
at the borders of the mass staining. Besides, it is possible that with
the current resolution and without a basic search image – as was
the case for results shown in Figs. 1 and 2 – we would not be able
to distinguish between an individual columnar neuron and two or
more stained neurons belonging to the same visual column.

To our knowledge, the functional roles of different lobula layers
have been studied with physiological approximations in one
arthropod, the bumblebee (Paulk et al., 2008). The bumblebee
lobula is divided in six anatomical layers. Cells with arborizations
in layers 1–4 were found to be generally sensitive to motion but
indifferent to colour, whereas neurons in layers 5–6 often
responded to both motion and colour cues. Because different lobu-
la layers send projections to different regions of the central brain,
Paulk et al. hypothesized that the anatomical layers of the lobula
are the structural basis for the segregation of visual information
into colour and motion. We know that in crabs, Li1, Li2 and Li3
have strong calcium responses to a step-like increase and decrease
in illumination (�465 nm); and show strong calcium responses to
a bar motion (Berón de Astrada et al., 2013).

By studying the calcium response of the lobula input strata we
found that high frequency motion stimuli produce a steep reduc-
tion in the activity of the strata Li1–Li3 (Berón de Astrada et al.,
2013). This reduction in activity anticipates the decrease in activity
of the lobula giant neurons which are thought to be fed by colum-
nar elements. Accordingly, the lobula input strata described here
should be presynaptic to the LGs. But, are some of the lobula input
strata directly presynaptic to the LGs? LG neurons extend their
dendrites across LMT2, LMT3 and APT4 (Fig. 6; Berón de Astrada
and Tomsic, 2002; Medan et al., 2007). Li1 lies in the distal lobula
well above LMT2, while Li2 lies bellow LMT2. Thus, Li3 which lies
between APT3 and APT4 is the only input stratum that at LMT3
colocalizes with the dendrites of the LGs. Further evidence is
needed to prove that there is a synapse linking Li3 and LG den-
drites. A direct corroboration would require the morphological res-
olution of the putative synapse (e.g. by electron microscopy) or
further physiological evidence (e.g. by coupled electrophysiological
recordings of lobula afferent neurons and LGs).

Particular areas of the compound eyes, specialized for specific
visual functions, possess particular patterns of photoreceptor pro-
jections into the lamina (e.g. Homberg and Paech, 2002; Kleinlogel
et al., 2003; Meyer, 1984). For example, the compound eyes of
gonodactyloid stomatopods are divided into a ventral and a dorsal
hemisphere by six equatorial rows of enlarged ommatidia, the
mid-band (Marshall et al., 2007). The hemispheres are specialized
for spatial vision while four rows of ommatidia from the mid-band
are specialized for colour vision and two rows are specialized for
polarization vision (e.g. Marshall, 1988). Between the regions of
the lamina that map the three eye regions (Kleinlogel et al.,
2003) there are noticeably differences in the packing and branch-
ing patterns of the different photoreceptors (Kleinlogel and
Marshall, 2005). However, little is known about how arthrophod’s
deeper neuropiles might relate to such retinal specializations (fur-
ther discussed in Kleinlogel et al., 2003). Even when crabs com-
pound eyes do not posses such evident specialized retina’s areas,
different areas of their compound eyes have been associated with
specific visual functions such as mediating the optomotor response
(Sandeman, 1978); or mediating predator or conspecific recogni-
tion (Land and Layne, 1995a,b; Layne, 1998). Here, we have
observed that lobula input strata are thicker in the centre of the
neuropile. In Carcinus maenas and N. granulata, a similar variation
can be observed in lobula layers defined by synapsin immunoreac-
tivity (Krieger et al., 2012; Hepp et al., 2013 respectively). The cen-
tre of crab’s lobula maps the equator of the eye at its lateral side
(Berón de Astrada et al., 2011; for discussions on the functional
role of crab’s lateral visual field see Berón de Astrada et al., 2012;
Land and Layne, 1995a,b; Sandeman, 1978; Smolka and Hemmi,
2009). Considering that this eye’s area possesses the maximum
horizontal sampling resolution and the largest ommatidia diame-
ter of the eye (Berón de Astrada et al., 2012), we speculate there
could be some functional relation between the anatomy of the lat-
eral retina and the length of lobula visual columns. As the lobula
has been implicated in coding object motion information (Berón
de Astrada et al., 2013) and the lateral zone of the eye has been
specially related with object detection (Smolka and Hemmi,
2009; Berón de Astrada et al., 2012), we hypothesize that longer
lobula columns in the centre of the neuropile support an enhance-
ment in object detection capabilities.

Crustacean species with distinct lifestyles and ecologies have a
highly conserved organization of the first optic neuropile, the lam-
ina. Malacostracan lamina has been described in crayfish (Elofsson
et al., 1977; Glantz et al., 2000; Hafner, 1973, 1974; Nässel, 1975,
1977; Wang-Bennett et al., 1989), species of prawn (Nässel,
1975), crabs (Stowe et al., 1977; Sztarker et al., 2009), and sto-
matopods (Kleinlogel et al., 2003; Kleinlogel and Marshall 2005;
Strausfeld and Nässel, 1980). In comparison, little is known about
the lobula. The few types of lobula neurons that have so far been
described in malacostracan species are almost exclusively from
the crayfish (Strausfeld and Nässel, 1980) and crabs (Berón de
Astrada and Tomsic, 2002; Horseman et al., 2011; Medan et al.,
2007). In both groups of decapods the lobula was found to be
involved in motion detection (Berón de Astrada and Tomsic,
2002; Glantz and Schroeter, 2006; Horseman et al., 2011). Here
we found striking morphological similarities in the layered organi-
zation of lobula input strata from crayfish and crabs. Moreover,
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some of the few columnar elements we have identified in the
crab’s lobula have a similar counterpart in crayfish (neurons of
Fig. 3K–Q, see Fig. 10 in Strausfeld and Nässel, 1980). Such similar-
ities in the functional organization of the lobula are noteworthy
when considering that Astacidea (crayfish) and Brachyura (crabs)
diverged over 300 million years ago (Porter et al., 2005) and that
these decapods species differ significantly in ecology and behavior.

Decapod crustaceans and pterygote insects are thought to be
sister groups (Friedrich and Tautz, 1995). One morphological fea-
ture that supports this hypothesis is the similarity in the neuroar-
chitecture of their optic ganglia (Strausfeld, 2005). At the cellular
level, this similarity has been noticed principally in neurons from
the lamina and medulla (e.g. Strausfeld and Nässel, 1980;
Sztarker et al., 2009; Sztarker and Tomsic, 2014). Much less studies
has focused on the insect lobula neuropile too. The visual neural
circuits supporting evasive behaviors have been studied in a few
species of these groups (e.g. locust: Santer et al., 2005; fly: de
Vries and Clandinin, 2012; crayfish: Glantz, 1974; crab: Berón de
Astrada and Tomsic, 2002). From these species, the most inten-
sively studied has been the locust (Rind and Simmons, 1999;
Fotowat et al., 2011). As the crab, the locust possesses lobula giant
movement detector (LGMD) neurons that would mediate the ani-
mal avoidance behavior (O’Shea and Williams, 1974). The LGMD
neurons of the locusts and the LG neurons of the crabs have several
commonalities. These are large (giant) wide-field neurons that col-
lect information from the retinotopic columnar mosaic and project
to the midbrain. They respond more intensively to objects than to
flow field motion, and markedly reduce their response to repeated
stimulus presentations (O’Shea and Rowell, 1976; Rowell et al.,
1977). Moreover, in both neural systems the plasticity underlying
this kind of neural habituation seems to occur in columnar neurons
presynaptic to the lobula giant movement detector neurons
(O‘Shea and Rowell, 1976; Berón de Astrada et al., 2013). Taking
into account these similarities, some questions arise: to what
extent the neuroarchitecture of the lobula neuropile is conserved
between decapods and insects? Is there a ground plan of object
motion detection circuits in these taxa? Do motion sensitive collec-
tor neurons from other decapods and insects receive object motion
information directly from medulla columnar neurons? What is the
number of synapses between photoreceptors and lobula collator
neurons? Further studies will be necessary to understand the com-
monalities and differences in the neural circuits underlying object
motion detection in decapods and insects.
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