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Abstract 
The goal of my research is to investigate which neurons in the brains of a crustacean 

species might be involved in pathways or circuits underlying sensory convergence and 

learning and memory. The first step in such an investigation is an analysis of neuron 

organization, using histological comparisons across identified centers that are known 

from other studies to serve multisensory integration and possibly learning and memory. 

The main goal of this research has been to analyze the morphology of a highly derived 

malacostracan crustacean (crab) brain, comparing it with the brain of a well-

documented basal malacostracan belonging to Stomatopoda. The stomatopod learning 

and memory center consists of a cap and stalk, as in an insect’s mushroom body – a 

center known to support learning and memory. In contrast, the crab’s center comprises 

a saddle-like structure, which in the literature is known as a hemiellipsoid body, situated 

over the rostral surface of the lateral protocerebrum. In stomatopods, input and output 

neurons extend their branches into the mushroom body where they intersect parallel 

fibers. In the crab, there are no such obvious arrangements of fibers. My goal is to 

determine if there is evidence that, during the course of evolution, there has been a 

discrete modification of the organization in homologous computational circuits in the 

crab lineage (Brachycera).  In order to complete this task, I have generated histological 

silver-stained preparations that allowed direct comparison of stomatopod and crab 

centers. I also had access to a library of Golgi stained specimens of both species 

investigated. These specimens provide crucial information about the shapes of single 

neurons. 

 

Introduction 
  
To begin the narrative into the exploration of the crustacean visual system, we must 

look to the early-1800s to the Italian physician Giuseppe Bellonci. Bellonci was 

particularly interested in discovering underlying similarities across different species in 

regard to brain organization. He began working on basal organisms (primitive or 

ancestral organism) rather than complex organisms to look for essential details that 
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might have been masked by the complexity. He was doing work in stomatopod brains 

and found central to the optic lobe in the lateral protocerebral structures that would later 

be termed the hemiellipsoid body and the elongated body. He observed that these 

structures were joined and were together exactly like the mushroom body of insects, 

which are paired centers composed of an abundance of parallel fibers originating from 

globuli cells1. A mushroom body’s parallel fibers form a peduncle or column that, 

depending on the species, divides into two or more columnar lobes. Input and output 

neurons intersect the parallel fibers down the length of each column (usually in the 

literature, called a “lobe,” although this is a poor term for it), thus partitioning the column 

into discrete territories2. Bellonci is credited with drawing comparisons between 

crustacean and insect mushroom bodies, suggesting that the two organisms were 

distantly related1. Even though Bellonci’s experiments were revolutionary, he was 

forgotten to history and the ensuing debate became bogged down about whether the 

hemiellipsoid body was indeed homologous to a mushroom body or whether the 

mushroom body is a primitive trait that was lost in crustaceans and then re-evolved as 

the structure called the hemiellipsoid body, while being claimed not as a homologous of, 

but as convergent (homoplasic) with the insect mushroom body.  

 Over the years, the debate about what was and what was not the crustacean 

mushroom body has not waned. Indeed, there has been a recent addition to the debate 

where certain researchers insist the hemiellipsoid body is homoplasic, implying that the 

crustaceans evolved the hemiellipsoid body independently from insects.   

If the hemiellipsoid body is homologous to the mushroom body, it should be 

associated with learning and memory along with sensory integration3. For example, 

certain insects, like heliconiid butterflies, seem to have equally as robust mushroom 

bodies as the stomatopod. And like stomatopods, those insects are known to go back to 

previous foraging grounds to look for sustenance. For this to occur they need robust 

learning and memory systems to integrate a variety of stimuli such as: visual information 

and orientation of where they are in space4. Heliconiid butterflies that are prevented 

from foraging and obtaining spatial memory have abnormally small mushroom bodies. 

Butterflies that are able to forage have enlarged mushroom bodies4. Anatomical 

comparisons that seems to support homology in certain brain structures, other than the 



 4 

mushroom bodies, such as the fan-shaped neuropils in the midbrain and their 

connections to satellite neuropils, correspond in stomatopods and insects.3 

 Some behavioral evidence supporting the theory that hemiellipsoid bodies of 

crustaceans are homologous to mushroom bodies of insects is that stomatopods 

display sophisticated behaviors related to predation, spatial memory and visual 

recognition in revisiting familiar hunting grounds, similar to the behaviors of the 

Heliconiid butterfly3 which display remarkably large mushroom bodies compared to 

other insects. It is inferred that Heliconiid butterflies possess such large mushroom 

bodies in order to expand and revisit foraging perimeters, because they feed on pollen 

as adults and thus need a large foraging area to find their food source. This requires 

sophisticated spatial memory, leading to the development of larger mushroom bodies4. 

Stomatopods are similar in this way. They would need a higher order learning and 

memory system, such as a mushroom body possibly, but not necessarily similar to that 

of an insect in order to accomplish said behaviors.  

 Hemiellipsoid bodies, located on the lateral protocerebrum, processes acquired 

sensory input which includes olfactory, photic, and mechanosensory stimuli and is 

similar to that of an insect mushroom body5. Work done by McKinzie et al., (2003) and 

Mellon et al., (2003) proposed that hemiellipsoid body output neurons, called “parasol 

cells,” respond like output neurons from an insect mushroom body6,7.When visual and 

olfactory stimuli coincide at a synapse, this association is encoded by postsynaptic 

interneurons (mushroom body output neurons MBONs, in a mushroom body, or 

“parasol cells” in a hemiellipsoid body) that then relay this information to higher centers 

can contributed to decision making.5 Although we do not definitively know the function of 

these cells, Mellon suggests that the parasol cells act as amplifiers that boosts sensory 

excitatory synaptic potentials to above threshold which results in parasol cells 

synchronously responding to strong stimuli6. Mellon suggested that the hemiellipsoid 

body is equivalent to the outer part of the calyx of the mushroom body, proposing that 

the hemiellipsoid body serves sensory integration and learning and memory. Although 

Mellon et al., (1992) speculated function based on the data he collected. What we 

definitely know about parasol cells is that relay information from coincidence detectors 

that respond to two converging and coincident sensory stimuli. This coincidence 
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detection likely strengthens synaptic connections to the parasol cells, leading to 

enhanced decision making.  

 If it is the case that the hemiellipsoid body is in fact the phenotypic homologue of 

a mushroom body, the question becomes whether or not the insect and stomatopod 

mushroom body evolved from a common ancestor. The ultimate aim would be to 

determine if the mushroom bodies are genotypically homologous, thus resulting from a 

common ancestor; or, if genotypically wholly distinct one would conclude that they arose 

independently, and thus are homoplastic.  

Based on previous comparisons, we can determine that the mushroom body of a 

stomatopod is very similar to that of an insect5. Thus, we will use the stomatopod as the 

reference against which centers that may be homologues can be compared. Here, as 

explained below, we will focus on the most highly derived example, namely centers in 

Brachyura (crabs) that antibody labelling suggests may be involved in associative 

memory. To determine whether the suspected center might be homologous to the 

mushroom body of the stomatopod preliminary tests with the anti-DC0 antibody reveal a 

structure in crabs that looks quite different (Figure 1). DC0 is an antibody that reveals 

learning and memory centers across many species, from insects to stomatopods to 

arachnids and, possibly, to chordates2. When anti-DC0 immunoreactive centers in 

different crustaceans are stained using the Golgi method, the neuronal fibers that make 

up the afferent and efferent fibers of the mushroom body column appear to intersect 

systems of parallel fibers, as they do in mushroom bodies. That is, except in the crab 

where precise placements and orientations of the fibers are not obvious. At first glance, 

the crab organization seems to be chaotic, but there are some areas where there are 

arrangements that seem to correspond to small volumes of a mushroom body lobe8.  

The challenge is identifying arrangements that could be highly modified versions of 

those “non-chaotic” arrangements in the stomatopod and insects. 

 
Data and Data Analysis  

 
The crab is an interesting species because the areas labeled with the anti- DC0 

antibody can be very different in different individuals. This may indicate differences of 
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activation occurring in learning and memory circuits at the time of tissue fixations, but 

what is most notable about the crab is that there is a large area in the superior part of 

the lateral protozoa that is immunoreactive to anti-DC0 (Figure1). 

   

 
 
Figure 1. Picture courtesy of Mushroom Body Homology and Divergence across 
Pancrustacea by Strausfeld et. al. (2020). Depictions of sections of the lateral 
protocerebrum. A-C) Anti-DC0-immunoreactive territories interpreted as modified crab 
mushroom bodies, lacking columnar lobes and expanded lateral protocerebrum. A) 
demonstrates maximum extent of the mushroom body neuropil (dotted profile). C) 
indicates position of the reniform body (RB) in proximity to the mushroom body. A-C) 
demonstrate show variations of DC0 immunoaffinities in lateral protocerebrum. The 
purpose of these pictures is to show the designated area of a possible mushroom body 
and to distinguish the area of the reniform body from the lobes of the mushroom body 
via reactivity of anti-DC0.The area of the mushroom body is highly folded and 
disorganized as opposed to other crustaceans such as the stomatopod. 
 

The crab presents a problem when comparing its neuroanatomical organization 

with those of other crustacean species. Since crabs do not have striated, organized 

lobes like a majority of other crustaceans, such as the stomatopod, it is hard to find their 

place in a neurological-based phylogenic tree. There are various areas of the crab’s 

neuroanatomical structure where parallel fibers and associated mushroom body 

organization can be seen, however, thus suggesting some sort of organization amongst 

the chaos in the lateral protocerebrum.  

 

 

 

C 



 7 

 
Figure 2. Collages of crab Golgi stained eyestalks. In the lateral protocerebrum there is what seems 
to be a lack of organization in the area associated with the mushroom body in other crustaceans. A 
closer look will show areas that have similar neuroanatomical structure, such as associated areas and 
appearance of parallel fibers.  Abbreviations: Me, medulla, Op eff, visual neuron output neuron axons; 
LPR, lateral protocerebrum; Ca, putative location of calyx-like neuropils (see Figure 4) 
 

Conclusion and Discussion 
 

Although the results are still preliminary, Golgi staining reveals within the rostral lateral 

protocerebrum constellations of neurons the organization of which is very like that of the 

calyces and columnar lobes of stomatopod mushroom bodies.  These are shown in 

Figures 3 and 4. Notably, small volume of the rostral part of the lateral protocerebrum 

reveal arrangements of neurons that are clearly mushroom body-like, as in the upper 

enlargement of Figure 2 and, especially in the enlargement of Figure 2 where there is a 

calyx-type outer neuropil contiguous with a system of parallel fibers indicting a columnar 

lobe. On the other hand, some parts of the lateral protocerebrum, which in anti-DC0 

immunostained preparations show positive immunoreactivity, do not have clear parallel 

fibers, but more complex arrangements that currently cannot be easily interpreted 

Figure 3, lower left).  

Many sensory systems converge on the mushroom body where they participate 

in sensory integration. However, the lower part of the lateral protocerebrum is the main 

area dedicated to the outputs of the optic lobe terminations. Some of these terminations 
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can be seen in the lower lateral protocerebrum in figures 3 and 4. Although the data is 

not conclusive at this point. In insects and stomatopods mushroom body is also an 

integration center for olfaction8,9: axons of the olfactory system relay neurons that 

eventually converge into the mid-protocerebrum.  

 

 
Figure 3. Collages of the crab medulla (Me) and lateral protocerebrum (LPR). The upper 
enlargement of Figure 3 demonstrates areas of parallel fibers indicated by the ring. The 
lower enlargement shows quite a different arrangement. This comparison is to illustrate 
the challenge of identifying subsets of neurons indicative of mushroom body circuitry. lat 
indicates lateral; ro indicates rostral (anterior). 
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Figure 4. Collages of the crab medulla (Me) and lateral protocerebrum (LPR). The 
enlargement illustrates an unambiguous calyx-like outer structure (Ca) that gives rise to 
a short column composed of parallel fibers. lat indicates lateral; ro indicates rostral 
(anterior). 
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Figure 5: Figure courtesy of Mushroom Body Homology and Divergence across 
Pancrustacea by Strausfeld et. al. F) Bodian stained parallel fibers dashed body indicates 
afferent fibers of stomatopod G) Golgi-impregnated afferent and efferent processes enter 
at discrete domains (open boxes) along the stomatopod’s mushroom body column. H) or 
comparison: organization of homologous neurons in the mushroom body column of the 
cockroach Periplaneta americana. I) Cross sections of mushroom body column in a 
stomatopod K,L) Cross sections of afferent terminals in a stomatopod columnar lobe 
(panel K) and cockroach (panel L). J) Cross section of mushroom body of cockroach. 
These Bodian-stained and Golgi-stained histology slides of the stomatopod are used for 
comparison between their organization and the crabs. As seen in the histology above, the 
neuropils of the stomatopod is highly organized as compared to the crab.  

 
Figure 6: Figure courtesy of and The Reniform Body: An Integrative Lateral Protocerebral 
Neuropil Complex of Eumalacostraca Identified in Stomatopoda and Brachyura Theon et 
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al., respectively. A) low-power confocal scan of optic lobe and lateral protocerebrum 
showing the location of the stomatopod reniform body RB situated between the optic lobe 
(La, lamina; Me, medulla; Lo, lobula) and the mushroom body (gc, globuli cells; Ca, Calyx; 
Clm, column) and lateral protocerebrum (LPR). B) shows how the stomatopod reniform 
labelled with anti-DC0. See Figure 1C for a comparison with the crab reniform body. 

 

Interestingly, in the crab, a second neuropil, called the reniform body also reacts 

to the anti-DC0 antibody. An earlier paper from an Argentinean research group in 2016 

suggested that the reniform body was the mushroom body of the crab; but comparisons 

with stomatopod neuroanatomy have since demonstrated that a reniform body and a 

mushroom body are both present in the lateral protocerebrum10. It is unlikely that there 

would be two similar structures in a single organism that are both mushroom body 

homologues (figure 6)10. And in the crab, the reniform body is prominent, situate lateral 

to the saddle-like hemiellipsoid body10 (see Figure 1, panel C where the reniform body 

is indicated RB). 

There are many scientists who reject the notion that the crab possesses a 

mushroom body, but anatomical similarities can be identified through the use of 

histology and immunohistochemistry. Based on the information above, the structure of 

the crab’s mushroom body is distributed in an organization very different from the highly 

structured ancestral mushroom body typified by the stomatopod. In the stomatopod, the 

intrinsic neurons originate from globuli cells which contribute to the large calyx from 

which the parallel columnar extensions arise and diverge into lobes with the long axons 

converging into columnar lobes at the base of the calyx (the stomatopod calyx (Ca) can 

be seen in figure 6). In the crab, these columnar extensions are not as easily 

identifiable, as the calyx and lobes have appeared to have folded on top of itself, and 

intrinsic parallel fibers, usually associated with a mushroom body, can be seen in 

various areas of the crab’s rostral lateral protocerebrum. These parallel fibers seem to 

lead to a calyx-like structure with various dendritic projections that lead to other areas of 

the lateral protocerebrum. These areas of a possible calyx can be identified with a 

trained eye in the more distal area of the lateral protocerebrum, but again organization 

is not as cohesive as that of a stomatopod (compare figures 4 and 5).  
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Although the crab’s organization seems chaotic, the fact that it possesses an 

eyestalk neuropil, which is an outgrowth of the brain, means it possesses the lateral 

protocerebrum. And it has three neuropils in common with stomatopods: a reniform 

body, mushroom body calyces, and the mushroom body columns. As established by 

Strausfeld et al., (2020), the reniform body is a prominent feature that can be identified 

with the use of anti-DC0. It consists of four discrete neuropils linked by a branching 

axonal tract. These neuropils (lateral, distal, and proximal zones) are spatially distinct 

from the columnar extensions of the calyx10.  

 

Summary 
The presence of three unique criteria indicating a mushroom body associated with the 

lateral protocerebrum are: arrangements of neurons that suggest a calyx; clear 

evidence of inputs to that neuropil from axons originating in the olfactory lobes and 

parallel fibers from the calyx-like neuropil across which are arranged output neurons. 
Obtained by Golgi staining areas, I have identified in neuroanatomical projections of the 

crab’s rostral lateral protocerebrum containing possible calyces and intrinsic neurons 

extensions.  

 Due to the difficulties of antibody penetrance in the lateral protocerebrum and the 

chaotic nature of crab’s brain as seen in the Golgi staining, there is no clearly defined 

center that actually looks like an insect mushroom body. Thus, even though the 

structure might not be obviously identifiable as a “mushroom body”, based on the 

evidence from a variety of experiments and comparisons, evidence supports its highly 

modified presence.   
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Methods 

 
Reduced Silver Staining 

  

 Neuropils from crustacean eyestalks and midbrains was fixed overnight in AAF 

solution (16 ml 80% ethanol, 1 ml glacial acetic acid, 3 ml 37% formaldehyde). Tissue 

was the dehydrate from 70% alcohol to 100% alcohol as stepwise 10% increase in 

concentration over 20-30 minutes. They had then been fixed in Paraplast Plus. 

Dehydrated tissue was placed in the clearing agent terpineol, and then xylene for 30 

minutes each. Tissue was embedded in Paraplast wax. After melting Paraplast, an 

admixture of the wax with Xylene (1:1) received tissue. This was maintained at 65Co.  

After 30 minutes tissue was transferred to pure melted Paraplast in a small aluminum 

boat. After two further changes each for 30 minutes, the final boat was carefully 

removed from the oven and place on. Water and crushed ice to solidify the Paraplast.  

 Hardened wax with embedded tissue was removed from aluminum boat. Small 

chunks, each with a specimen, were cut away and these further trimmed into trapezoids 

that were fixed to the chock of s rotary microtome set to cut at 12-micron thick slices. 

Ribbons of sections were placed on albumin coated slides that were wetted. The 

sections floated on the surface the water while the slide was warned to 45Co. Once the 

ribbon had stretched, excess water was removed and the ribbon care full pressed on 

the glass after first covering it with lens tissue. Slides were the placed in a clean drying 

rack to dry. 

 Slides were placed in xylene to remove the wax, and then brought to distilled 

water through descending ethanol concentrations. Slides were then placed in a staining 
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jar contain 25 grams cleaned copper shot (using dilute nitric acid), and 7.5 grams 

protargol (silver protein) that dissolved after scattering it on the water surface, Slides 

were incubated at 60Co overnight in this solution.  After cooling slides were dipped into 

distilled water for 3 seconds, and then placed in hydroquinone reducer for five minutes. 

Then they were placed under running tap water for three minutes and rinsed twice in 

distilled water before being placed in gold chloride solution for a total of seven minutes. 

They were then washed briefly in distilled water (2 x 1 minute). Slides were placed in 

2% oxalic acid for five minutes then into distilled water for five minutes. Next, they were 

placed in 5% sodium thiosulfate fixative for five minutes then washed in distilled water 

before being dehydrated to 100% alcohol and then placed in xylene. Finally, the stained 

sections were coverslipped under Permount, fried and observed.   

 

Golgi Staining Method 

  

 Tissue was dissected under negative pressure  in a solution of dichromate-

sucrose-glutaraldehyde and then placed in this chromating solution for 48 hours at room 

temperature in the dark. The next day, tissue was washed in 2.5% potassium 

dichromate and placed in  mixture of 99 volumes 2.5% dichromate and 1 volume 1% 

osmium tetroxide. After two days, sections were placed in 0.75% silver nitrate for 24 

hours. Tissue transfer employed wooden toothpicks as no metal should come into 

contact with tissue throughout this procedure. The following day, brains were washed in 

distilled water twice for five minutes each and then placed them into the dichromate-

osmium solution again and left for 24 hours at room temperature in the dark. The next 

day, tissue was transferred into 0.75% silver nitrate at room temperature for 24 hours 

Finally, tissue was washed in distilled water and embedded in Durcupan plastic to be 

sectioned using a sliding microtome, placed on a slide covered with Permount and a 

coverslip, and used for observation.  

 

Collages 
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Selected lateral protocerebrum containing neurons of interest were serially 

photographed at 100x magnification using a Leica research microscope. Using a tool 

(Helicon focus) to flatten serial photos onto  a single plane, large overlapping areas of 

the lateral protocerebrum were aligned to provide a complete high resolution picture of 

the neuropil as shown in Figure 2-4. 

 

 
 

 

 


