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II. ABSTRACT 

Across bilaterian phyla, learning and memory allows animals to benefit from central-

place foraging, return to ideal food sources, choose mates and avoid dangerous or 

harmful external stimuli. Although these behaviors are comparable in both vertebrate and 

invertebrate animals, it is unknown whether or not they are mediated by homologous 

brain structures.   In insects, paired, lobate forebrain structures called mushroom bodies 

receive input from primary sensory neuropils and are necessary for learning and memory, 

whereas in crustaceans, this behavior is mediated by paired, compact forebrain structures 

called hemiellipsoid bodies.  Mammalian learning and memory is mediated by the paired, 

horn-shaped hippocampi, which also receive sensory input and are likewise situated in 

the forebrain.  Did these structures evolve independently along with the ability for 

animals to learn and remember associations and places? Alternatively, the hypothesis 

posited in this dissertation is that the last bilaterian ancestor already possessed the ability 

to learn and adapt to its environment, behavior mediated by paired forebrain structures 

that evolved divergently into the elaborated forms we observe in extant, crown-group 

taxa.  This hypothesis is investigated and discussed in the following reports: 1) a review 

of insect brain anatomy and functional connectivity, including a description of mushroom 

bodies, in the context of arthropod evolution; 2) a comparison of neuroanatomy, circuitry, 

and protein expression between insect mushroom bodies and Malacostracan crustacean 

hemiellipsoid bodies, using cockroaches and Caribbean hermit crabs as representatives of 

their classes; 3) a deeper investigation of the fine structure of neuronal organization in the 

hemiellipsoid body of the Caribbean hermit crab, focusing on electron microscopical 

observations and comparisons to the ultrastructure of the fruit fly mushroom body; 4) a 
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survey of four invertebrate Phyla, employing the strategy of comparing neuroanatomy 

and protein expression to investigate whether higher order forebrain structures in these 

animals were inherited from a common ancestor; 5) a comparison of neuroanatomy, 

connectivity, and protein expression in insect mushroom bodies and mammalian 

hippocampus, including a survey of PKA-Cα in these and corresponding structures across 

the Chordata.  The total evidence suggests that a common Bilaterian ancestor possessed a 

center that evolved to become mushroom bodies in invertebrates and hippocampus in 

vertebrates. 
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III. CHAPTER 1: INTRODUCTION 

1.1 The urbilaterian nervous system 

As a self-aware species, humans are constantly asking questions about their own 

ontogeny and evolution.  Who am I? Where did I come from? Where am I going? 

Concerning our brains, no understanding of their form or function will be complete 

without study into their evolutionary history.  It is possibly for this reason, that 

neurophylogenists have intensely debated the structure of the nervous system in the last 

common ancestor of all animals with brains, or the “protostome-deuterostome ancestor” 

(PDA).  Was this nervous system a diffuse nerve net or a centralized nervous system 

(Holland et al., 2013)? If the PDA had a simple body plan with a diffuse nerve net, this 

would imply that the centralized nervous systems we see in various Bilaterian phyla such 

as chordates, arthropods, nermerteans, platyhelminthes and annelids may have had 

multiple, independent origins (Lowe et al., 2003; Northcutt, 2012).  Alternatively, if the 

PDA already possessed a centralized nervous system, then those we observe across 

Bilaterian phyla would likely have evolved divergently from a common origin (Denes et 

al., 2007, Arendt et al., 2008).  The latter scenario is the most parsimonious explanation 

for Bilaterian nervous system evolution, but without a time-travel device one cannot hope 

to collect, dissect, or observe an ancestral bilaterian specimen that would shed light on a 

definitive answer.  Setting aside the nervous system, the entire body plan of the ancestral 

Bilaterian is shrouded in mystery due to an absence of fossilized animals from a time in 

the fossil record when this animal lived, during the early Ediacaran or earlier.   

In the absence of a live specimen or fossil evidence, researchers must rely on 

cladistics and ancestral state reconstruction to gain insight into the morphology of the 
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PDA nervous system.  It is critical, in order to get the most well-supported tree to 

compare as many characters from as many taxa as possible, sampling from all bilaterian 

Phyla.  Characters which are similar between Phyla were most probably present in their 

last common ancestor. For example, ecdysis, or moulting of the cuticle is a trait common 

to the bilaterian superphylum, Ecdysozoa so it is most probable that the last common 

ancestor of all ecdysozoans also moulted its cuticle.  Characters that are shared across all 

bilaterian superphyla, the Ecdysozoa, Lophotrochoza, and Deuterostomia may then be 

traced back to the PDA. 

 

1.2 Origin of the tripartite brain 

One character trait present in all Bilaterian superphyla is the presence of a tripartite brain, 

comprised of a forebrain, midbrain and hindbrain.  The hypothesis that this character was 

also present in the PDA is supported by corresponding suites of developmental genes that 

pattern the nervous systems in both protostomes and deuterostomes (Arendt and Nübler-

Jung, 1996; Hirth et al., 2003, Lichteneckert and Reichert, 2005).  Orthologues of these 

genes are expressed in the brains of mice, representing Deuterostomia; annelids, 

representing Lophotrochozoa; and fruit flies, which are ecdysozoans.  Not only are the 

gene orthologues expressed at corresponding developmental time points, but they are also 

expressed in corresponding locations along the neuraxis. Furthermore, these genes share 

functional correspondence as evidenced by cross-phyletic rescue experiments.  Deletion 

of the murine forebrain patterning gene, Otx2 results in a loss of forebrain phenotype, 

which can be rescued by insertion of the Drosophila melanogaster forebrain patterning 
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gene, otd (Acampora et al, 2001). The reverse experiment also demonstrates that the 

murine Otx2 gene can functionally replace otd (Leuzinger et al., 1998).  

 Although evidence from development suggests a single origin for tripartite brains in a 

bilaterian ancestor, it does not necessarily follow that structures within these brains such 

as primary sensory neuropils, association centers, and action selection centers necessarily 

correspond genealogically as well.  In order to understand the evolutionary origin of these 

structures, it is necessarily to compare more characters that set these structures apart from 

the brain as a whole. 

1.3 Higher order centers across phyla  

In order for animals to adapt to their environments and respond with appropriate 

behaviors, they require both a brain structure that integrates sensory information, a 

learning and memory structure; and they need an “action selection” center.  Across 

bilaterian species that possess brains, primary chemosensory and sometimes visual and 

mechanosensory neuropils send projections to paired, second-order forebrain structures.   

Such pathways have been observed connecting olfactory glomeruli to the mushroom 

bodies in insects; in chelicerates such as spiders and scorpions; in, myriapods such as 

centipedes; and annelid worms. In malacostracan crustaceans, such as crabs and lobsters, 

the olfactory lobes are connected to the dome-shaped hemiellipsoid bodies (Strausfeld et 

al., 1998; Sullivan and Beltz, 2001). This is likely a derived condition as in the most basal 

extant crustaceans olfactory glomeruli are connected to lobed mushroom body like 

centers (Stegner and Richter 2011).  In the mammalian brain, glomeruli of the olfactory 

bulb convey sensory information to the hippocampus via pathways through the piriform 

cortex, amygdala, and entorhinal cortex.  Comparing the neuromorphology of these 
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structures in the context of the phylogeny of Bilateria reveals intriguing similarities of 

organization despite apparently divergent gross anatomy. 

 The main question driving the studies described in this dissertation asks if it is 

plausible that these higher order forebrain centers were present in the last common 

ancestor of the Bilateria.  We must first describe an observed suite of characters that 

define the mushroom body’s ground pattern in insects and compares this motif across 

phyla and superphyla. This ground pattern is characterized by a pair of dicrete neuropil, 

located in the forebrain, receiving sensory inputs that interface with its intrinsic cells, 

neurons that compose the internal elements of the neuropil.  Perikarya of these intrinsic 

cells, called “globuli cells,” are tightly clustered and each provides a long axon-like 

process that contributes to the formation of the mushroom body’s lobes.  Along the 

length of the mushroom body lobes, the dendrites of efferent neurons and the terminals of 

afferent neurons occur at discrete levels, forming with the intrinsic neuron processes an 

orthogonal arrangement of fibers (Strausfeld et al., 2009).  The mushroom body ground 

pattern includes a distal dendritic zone, forming a zone called the calyces. There, 

presynaptic boutons of olfactory afferents form many synapses with dendrites of intrinsic 

cells providing synaptic configurations called microglomeruli (Leiss, 2009; Groh and 

Rossler, 2011).  While all of these elements of the mushroom body ground plan have 

been described and established in insect mushroom bodies, many of them have also been 

described in the brains of other arthropod groups.  Indeed mushroom body-like structures 

have been identified in other Ecdysozoan groups such as Myriapoda, which includes 

centipedes and millipedes; in Chelicerata, which includes arachnids; in Onychophora 

(velvet worms); and in Lophotrochozoans such as annelid worms (Sombke et al., 2011, 
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Strausfeld and Barth, 1993;  Strausfeld, 2012; Strausfeld et al., 2009; Loesel and Heuer, 

2010).  Did all of these morphologically similar structures evolve divergently from the 

mushroom body ground plan in the last common ancestor of Lophotrochozoa and 

Ecdysozoa or did these higher order structures evolve independently in these divergent 

taxa? 

 One argument for convergent evolution of mushroom body like structures is that 

crustaceans do not possess paired mushroom body lobes (Strausfeld et al., 2009).  In 

decapod crustaceans, the olfactory lobes send bilateral projections to the lateral 

protocerebrum via the olfactory globular tract and these projection neurons have 

terminals in second order neuropils called the medulla terminalis and hemiellipsoid body 

(Sullivan and Beltz, 2001, 2005).  Furthermore, basal archaeognathan insects do not have 

lobed mushroom bodies, yet they possess paired structures in the lateral protocerebrum 

reminiscent of the crustacean medulla terminalis (Strausfeld, 2009).  This evidence 

suggests homoplasy of insect mushroom bodies and those found in other invertebrate 

groups.   

 An alternative view of arthropod brain evolution is that the crustacean hemiellipsoid 

body is homologous to the insect mushroom body and that extant archaeognathans have 

secondarily modified mushroom bodies.  In fact, crustacean hemiellipsoid bodies 

comprise intrinsic fibers arising from clustered globuli cell bodies and the dendrites of 

these neurons are contacted by the terminal boutons of olfactory projection terminals to 

form microglomeruli like those found in the calyces of insect mushroom bodies (Mellon 

et al., 1992).  Furthermore, the basal crustacean group, Cephalocarida has been recently 

described to have higher order, paired structures in the lateral protocerebrum with a lobe-
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like morphology, capped by swelling outgrowths that receive inputs from the olfactory 

lobes (Stegner and Richter, 2011).  These structures resemble the mushroom bodies of 

centipedes, belonging to the Myriapoda, and firebrats, belonging to the Zygentoma, the 

sister group to Pterygota or winged insects (Farris, 2005). 

 If the mushroom body ground pattern was present before the divergence of 

Ecdysozoa and Lophotrochozoa, was it also present in the last common ancestor of the 

protostomes and deuterostomes?  Previous evidence indicates conservation of early 

patterning genes that give rise to the annelid mushroom body and the vertebrate pallium, 

which includes the hippocampus (Tomer et al., 2010). In this dissertation, evidence of 

multiple correspondences of phylogenetic characters, both neuroanatomical and 

molecular, will be presented, supporting a single origin of learning and memory 

structures in the bilaterian ancestor. 

 

1.4 Specific contributions of author 

This dissertation contains four appendices, each of which represents a manuscript that is 

either currently in publication (Appendix A: The Insect Brain: A Commentated Primer) 

or manuscripts which have been published (Appendix B: Neuronal organization of the 

hemiellipsoid body of the land hermit crab Coenobita clypeatus: Correspondence with 

the mushroom body ground pattern; Appendix C: Fine structural organization of the 

hemiellipsoid body of the land hermit crab, Coenobita clypeatus; and Appendix D: 

Genealogical correspondence of mushroom bodies across invertebrate phyla).  Chapter 2, 

section 2.5 (Genealogical correspondence of mushroom bodies and hippocampi across 

phyla) represents a manuscript that is being prepared for publication  at a future date, in a 
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volume of the Philosophical Transactions of the Royal Society at which this subject was 

presented as an invited contribution,.  In accordance with the dissertation formatting 

guide provided by the University of Arizona Graduate College, the specific contribution 

of the author of this thesis are described in the appropriate chapter sections. 

 

IV. CHAPTER 2: PRESENT STUDY 

2.1 The Insect Brain: A Commentated Primer  

2.1.1 Summary 

This dissertation chapter section relates a manuscript currently in publication, which is 

attached as Appendix A.  It serves as an introduction to the neuroanatomy of insect brains 

in general with reference to functional circuitry and development of major structures.  

These structures are also compared to corresponding centers in the brains of other 

arthropod groups and considers the evolution of insect brains from its origin in the 

common ancestor between insects and crustaceans. 

 The first centers described in this chapter are the protocerebral neuropils, or forebrain 

regions which are comprised of over twenty substructures, not including the optic lobes, 

mushroom bodies, and central complex. These neuropils have been the least studied or 

described in the forebrain, possibly because their detailed structure and boundaries were 

not previously revealed by proper histology and molecular markers.  Closer study has 

identified sensory input pathways from primary visual, chemosensory, mechanosensory, 

and motor reafferent neuropils or from the mushroom bodies to discrete protocerebral 

nuclei.  Furthermore, protocerebral regions send efferents within the protocerebrum, to 
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the mushroom bodies and central complex, or directly output to descending pathways that 

mediate motor control. 

 Next, the primary olfactory neuropils, the antennal lobes are described, beginning 

with sensory transduction at the receptor level in the periphery.  The organization of 

inputs to the antennal lobes in the deuterocerebrum, local interneurons, and projections to 

the protocerebrum are then characterized. Functional analysis of antennal lobe neurons 

reveals that they encode an odortypic map, allowing insects to discriminate between 

blends of volatile chemicals and relay odor identities to higher order centers such as the 

mushroom bodies. The function and evolution of antennal lobes are examined through 

comparisons between males and females within a species as well as across insect taxa. 

 The primary visual centers in insects are the optic lobes, located in the lateral 

protocerebra.  As in the olfactory system, the visual system is described from the 

periphery, beginning with photoreceptors in the compound eye retinas and following the 

flow of information processing through the nested optic neuropils, the lamina, medulla, 

lobula, and lobula plate. Information about visual primitives encoded in the optic lobes 

are sorted and projected medially to the optic glomeruli in the protocerebrum.  This 

organization is discussed in comparison to the olfactory system and in the context of the 

arthropod phylogeny. 

 Both the olfactory and visual centers, as well as mechanosensory and other 

protocerbral neuropils send projections to the insect mushroom bodies, which are higher-

order association centers implicated as necessary for learning and memory behaviors. 

These structures are the focal point of this dissertation and are described in this chapter 

appendix in great detail with regards to functional anatomy, circuitry, molecular 
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pathways, development, and comparisons across taxa.  Their role in olfactory associative 

memory has been well described, but their role in mediating spatial memory is currently 

under debate and evidence for this role is discussed. The elaboration of mushroom body 

circuitry from a structure in the ancestral bilaterian brain and the correspondence of the 

mushroom body ground pattern across vertebrate and invertebrate phyla are the subjects 

of inquiry and investigation in the subsequent dissertation chapters. 

 The insect brain primer concludes with a description of the insect central complex, a 

multi-subunit midline structure that mediates gating and selection of behavioral actions 

and which shares corresponding ground pattern organization with action selection centers 

across bilaterian phyla.  The central complex is generally composed of a protocerebral 

bridge, fan shaped body, ellipsoid body, and paired nodulii. Comparison across insect 

taxa has revealed a correspondence between the discrete organization of central complex 

structures into modules and the degree of limb dexterity demonstrated by the animal. 

Evidence for multiple roles of the central complex are presented and debated, including 

involvement in navigation, action selection, and data integration. 

2.1.2 Specific contributions of the author and coauthors  

For Appendix A, the author shared the task of writing the original draft with Dr. Nicholas 

Strausfeld and also participated in the extensive editing process.  Dr. Steffen Harzsch also 

provided valuable advice and editing suggestions. This manuscript will be published after 

the time of publication of this dissertation, as a chapter in a book titled Structure and 

Evolution of Invertebrate Nervous Systems, edited by Dr. Andreas Schmidt-Rhaesa, Dr. 

Steffan Harzsch, and Dr. Günter Purschke. 
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2.2 Neuronal Organization of the Hemiellipsoid Body of the Land Hermit Crab, 

Coenobita clypeatus: Correspondence With the Mushroom Body Ground Pattern  

2.2.1 Summary 

This dissertation chapter section relates a manuscript previously published in the Journal 

of Comparative Neurology, and which is attached as Appendix B.   

The crustacean hemiellipsoid integrates sensory information, receiving inputs 

from primary visual, olfactory, and mechanosensory centers.  The goal of this study was 

to characterize the hemiellipsoid body of the terrestrial Caribbean hermit crab Coenobita 

clypeatus and to test the hypothesis that this structure corresponds genealogically to the 

insect mushroom body. We used fluorescent tracers to fill the projections from the 

antennal lobe to the hemiellipsoid body and determined that olfactory afferents project 

primarily to the hemiellipsoid body and not the associated neuropil, the medulla 

terminalis.  Next, the three dimensional structure of the hemiellipsoid body was 

reconstructed, revealing the organization of intrinsic cell neurites into laminae, 

originating from a cap of basophilic cell bodies.  Then, the cell morphology of the 

hemiellipsoid body was analyzed in detail using reduced silver staining techniques, such 

as the Bodian and Golgi methods.  Electron microscopy and immunocytochemistry 

analysis further revealed microglomerular structures in the hemiellipsoid body and 

enriched expression of DC0, a catalytic subunit of protein kinase A.  Antibodies against 

this protein have been previously described as a “mushroom body marker” due to their 

consistent localization to mushroom bodies across insect species. The neuronal 

architecture, cell morphologies, protein expression and circuitry of the hemiellipsoid 

body of C. clypeatus are herein compared to histological brain samples from the 
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American cockroach, Periplaneta americana, revealing correspondence of several 

characters. 

 We propose that these multiple commonalities indicate genealogical correspondence 

of the crustacean hemiellipsoid body and the insect mushroom body.  Furthermore, the 

characters shared across taxa comprise the mushroom body ground pattern, providing a 

search image for corresponding structures in other arthropod groups and across phyla. 

 

2.2.2 Specific contributions of the author and coauthors  

For Appendix B, the author wrote the original draft of the manuscript and was involved 

in the editing process.  Drs. Nicholas Strausfeld and Steffen Harzsch also contributed to 

the editing process.  The author performed the immunocytological procedures, tract 

tracing studies, 3D reconstruction, and some of the reduced silver histology.  Other 

reduced silver histological preparations were performed by Dr. Nicholas Strausfeld.  The 

author imaged all transmitted light and fluorescence micrographs.  Tissue prepared by the 

author was sectioned and scanned for electron microscopy by Dr. Sheena Brown. 

 

2.3 Fine Structural Organization of the Hemiellipsoid Body of the Land Hermit 

Crab, Coneobita clypeatus 

2.3.1 Summary 

This dissertation chapter section relates a previously published manuscript, which was 

submitted as a companion paper to that relayed in the previous chapter section and is 

attached as Appendix C. 
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 In this study, the hemiellipsoid body of the Caribbean hermit crab, Coenobita 

clypeatus was further characterized at the level of synapses and cellular substurctures.  

Employing electron microscopy and reduced silver staining histology in combination 

with methods in stereology, we found that each hemiellipsoid body contains about 

120,000 intrinsic cell bodies, whose neurites form laminae of the cap and core.  These 

intrinsic cells interact with afferent axons from the olfactory globular tract, a nerve 

bundle found to contain approximately 20,000 axons. The terminals of these axons in the 

hemiellipsoid body were revealed in electron micrographs as large swellings, presynaptic 

to multiple smaller profiles of presumably intrinsic cells.  This organization corresponds 

to the microglomeruli which characterize calyces of insect mushroom bodies. Other 

corresponding characters revealed in this study include presynaptic specializations 

parallel fiber bundles of intrinsic neurons which also synapse onto efferent neurons. 

 The evidence presented in this study along with its companion article support the 

hypothesis that the shared characters present in the crustacean hemiellipsoid body and 

insect mushroom body are the result of inheritance from a common ancestor and 

therefore these structures correspond genealogically.  

2.3.2 Specific contributions of the author and coauthors  

For Appendix C, Dr. Sheena Brown wrote the bulk of the original draft of the manuscript 

while the author played a minor role in the original writing, but contributed to the editing 

process.  The author performed all immunocytological proceedures, tract tracing, reduced 

silver histology, preparation of tissue for electron microscopy, and contributed to the 

stereological analysis.  Dr. Sheena Brown conducted the stereological analysis and 

electron microscopy.  
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2.4 Genealogical Correspondence of Mushroom Bodies Across Invertebrate Phyla 

2.4.1 Summary 

This dissertation chapter section relates a manuscript which was previously published in 

the journal, Current Biology and is attached as Appendix D. 

The goal of this study was to determine whether the mushroom body ground 

pattern was present in the common ancestor of all protostome bilaterians. Using the 

character set defined in the study from chapter 2.2 as a search image for the mushroom 

body ground pattern, we compared neuroanatomy and protein expression across the 

Arthropoda, Annelida, Nermertea, and Platyhelminthes. Although mushroom bodies are 

morphologically diverse within and across these phyla, we have found corresponding 

neuroanatomical characters shared across these structures in representative taxa of four 

invertebrate phyla. Furthermore, immunocytology was compared across phyla, revealing 

enrichment of three proteins in mushroom bodies: protein kinase A catalytic subunit 

alpha, phosphorylated CaMKII, and Leonardo. 

We conclude that a common ancestor of Lophotrochozoa and Ecdysozoa was 

likely equipped with a mushroom body-like sensory association center mediating the 

choice of behavioral actions. 

2.4.2 Specific contributions of the author and coauthors  

For Appendix D, the author wrote the original draft and participated in the editing 

process.  Dr. Nicholas Strausfeld contributed significantly to the subsequent editing of the 

manuscript and figure preparation.  The author performed all immunocytological 

procedures, western blot analysis, and a portion of the reduced silver histology and image 
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collection, while the remainder of the histology was performed by Dr. Nicholas 

Strausfeld, Dr. Nate McMullen and Michael Zimmerman. 

 
 
 
2.5 Genealogical Correspondence of Mushroom Bodies and Hippocampi Across 

Phyla 

2.5.1 Abstract 

Orthologous genes involved in the formation of proteins associated with memory 

acquisition are similarly expressed in the mammalian hippocampus and insect mushroom 

bodies, both of which exhibit similar cognitive properties. Extremely high levels of a 

cAMP-dependent protein kinase A catalytic subunit (PKA-Cα), required for long term 

memory formation, are expressed in mammalian hippocampus and insect mushroom 

bodies. An antibody against the arthropod PKA-Cα orthologue DC0 resolves, in other 

species, forebrain centers that share the same ground pattern of neuronal organization as 

that characterizing hippocampus and mushroom bodies: parallel fibers intersected by 

afferent and efferent domains. This ground pattern is thus shared by vertebrates and 

invertebrates including mammals, reptiles, amphibians, fish, and insects. The totality of 

shared characters implies a deep origin in geological time of a learning and memory 

circuit, the ground pattern of which was present in the protostome-deuterostome ancestor. 

2.5.2 Introduction 

A motif in the brains of arthropods and chordates is that of relay neurons from primary 

olfactory neuropils projecting to distinctive higher order structures in the forebrain. In 

insects these are the mushroom bodies, characterized by their bifurcating lobes, and in 
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decapod crustaceans they are the hemiellipsoid bodies (Brown and Wolff, 2012; Wolff et 

al., 2012). In mammals, relays originating in the olfactory lobes send information to the 

horn-like hippocampus via intermediate centers, such as the piriform cortex, amygdala, 

and entorhinal cortex (Insausti, et al., 2002).  

Insect mushroom bodies and mammalian hippocampus have been ascribed pivotal 

roles in learning and memory, including place memory (Mizunami et al., 1998; Kahsai 

and Zars, 2011; Morris, 2006). Disruption of homologous genes in fruit flies and mice 

results in learning and memory defective phenotypes that relate to defects of the 

mushroom bodies and hippocampus. For example, null mutations of the gene encoding 

Drosophila protein kinase A catalytic subunit (DC0), an orthologue of mammalian 

protein kinase A catalytic subunit alpha (PKA-C alpha), result in poor performance of 

olfactory memory tasks (Skoulakis et al., 1993). Protein kinase A is also necessary for the 

formation of long-term memory in the vertebrate hippocampus, as is the role of protein 

kinase A in the Drosophila mushroom bodies (Skoulakis et al., 1993; Abel and Nguyen, 

2008; Gervasi et al., 2010; Kim et al., 2011).  

 Across insects, mushroom bodies and their crustacean homologues are exceptionally 

immunoreactive to antibodies raised against DC0 (Farris, 2005;Wolff et al., 2012). If 

DC0 is expressed at such high levels in homologous centers in pancrustaceans, might 

antibodies against PKA-C alpha extend the search to include other taxa? Because 

Drosophila protein DC0 and mammalian PKA-C alpha are 82% conserved (Kalderon and 

Rubin, 1988), and because the sequence of protein kinase A is highly conserved across 

Metazoa (Perino et al., 2012; Li et al, 2008), immunohistological localization of this 

enzyme should allow the detection of possible homologous neuropils even across phyla. 
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Genealogical correspondence would be further supported if such neuropils shared 

additional orthologous genes involved in corresponding memory functions. And, 

crucially, correspondence would be underpinned by shared neural organizations. Such 

combinations would further indicate common ancestry of mushroom bodies and pallium 

already proposed by Tomer et al. (2010) due to their similar temporal and spatial 

patterning by orthologous transcription factor genes. 

One condition for genealogical correspondence is that such traits reflect cardinal features 

recognized in the insect mushroom body. One is the presence of dense clusters of 

thousands, sometimes hundreds of thousands of basophilic cell bodies, called globuli 

cells – the smallest in the brain – each of which extends a long, slender process 

intersected by the terminals and dendrites of afferent and efferent neurons supplying the 

mushroom body’s lobes or layers in the crustacean homologue. In insects and 

crustaceans, thousands of such processes are intersected by successive afferent-efferent 

domains to form an approximately rectilinear matrix (Wolff et al., 2012). Another trait is 

that centers morphologically corresponding to mushroom bodies should, at least 

ancestrally, be supplied from primary olfactory centers, except in species where there has 

been an evolved switch of modality, as in some anosmic insects (Lin and Strausfeld, 

2012). A fourth trait is that the location of any mushroom body homologue is in the 

forebrain, irrespective of the segmental location of the primary olfactory neuropils that 

supply it. Although, previous work has demonstrated that these conditions are met across 

four invertebrate phyla, here we describe that they are fulfilled across the Chordata (Fig. 

1). 
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2.5.3 Materials and Methods 

Research Animals 

 Cockroaches (P. americana) were obtained from breeding colonies in the Department 

of Neuroscience, University of Arizona. Processed rat tissue was generously provided by 

the laboratories of Dr. Carol Barnes and Dr. Nate McMullen at the University of Arizona. 

Formaldehyde-fixed brain tissue from the newt, Plethodon shermani was generously 

donated by Dr. Sarah Woodley at Duquesne University. Formaldehyde-fixed brain tissue 

from the turtle, Trachemys scripta elegans was generously donated by Dr. Catherine Carr 

at the University of Maryland. Formaldehyde-fixed tissue from the zebrafish, Danio rerio 

was generously donated by Dr. Maki Niihori at the University of Arizona.  The sea 

lamprey, Petromyzon marinus was obtained and processed at the laboratory of Dr. Sten 

Grillner at the Karolinska Institutet’s Nobel Institute for Neurophysiology. All 

procedures were in accordance with National Institutes of Health guidelines and 

protocols approved by the University of Arizona Institutional Animal Care and Use 

Committee. 

 

Antibodies 

The monoclonal antiserum against alpha-tubulin (12G10) was used at a concentration of 

1:100 and was developed by Drs. J. Frankel and E. M. Nelsen. This antiserum was 

obtained from the Developmental Studies Hybridoma Bank developed under the auspices 

of the NICHD and maintained by the University of Iowa, Department of Biology (Iowa 

City, IA). The ancient and highly conserved nature of tubulin suggests that antibodies 

raised against it recognize this protein across a broad range of Metazoa, including taxa 
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used in this study. 

 Anti-DC0, a generous gift of Dr. Daniel Kalderon (Lane and Kalderon, 1993) was 

used at a concentration of 1:250 for immunohistochemistry. Anti PKA C-alpha antibody 

(Cell Signaling Technology, Danvers, MA, Cat. no. 4782) was used at a concentration of 

1:250 for immunohistochemistry and 1:2,500 for western blot assays. This antibody also 

recognized a band of the expected molecular weight at ~39 kD on a western blot 

comparing tissue of P. americana and R. norvegicus (Fig. 2). 

 

Immunohistochemistry 

Animals were immobilized by refrigeration at 4˚C and the brains were dissected free in 

cold (4˚C) fixative containing 4% paraformaldehyde in phosphate-buffered saline, pH 7.4 

(PBS, Sigma, St. Louis, MO); 10% sucrose was added to the fixative solution for C. 

clypeatus. Brains were fixed in a microwave at 18˚C for two cycles of 2 minutes with 

power and 2 minutes under vacuum. Next, the brains were left in fresh fixative overnight 

at 4˚C. The next day, brains were washed three times over 10 minutes each in PBS and 

then embedded in albumin gelatin. The embedded tissue was cut into 60 µm serial 

sections using a vibratome (Leica, Nussloch, Germany). Sections were placed in a well 

plate for further processing. 

 Sections were washed in PBS containing 0.5% Triton X-100 (Electron Microscopy 

Supply, Fort Washington, PA, Cat. no. 22140; PBS-TX) six times over 20 minutes. Then 

50 µL normal serum was added to each well containing 1,000 µL PBS-TX. After 1 hour, 

primary antibody was added to each well and the well plate was left on a shaker 

overnight at room temperature. The next day, sections were washed six times over 3 
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hours in PBS-TX. Then 1,000-µL aliquots of PBS-TX were placed in tubes with 2.5 µL 

of secondary Cy2-, Cy3-, or Cy5-conjugated IgGs (Jackson ImmunoResearch, West 

Grove, PA) and centrifuged at 13,000 rpm for 15 minutes at 4˚C. A 900-µL aliquot of 

this solution was added to each well. The well plate was left on a shaker to gently agitate 

the sections overnight at room temperature. Tissue sections were then washed in PBS six 

times over 3 hours, embedded on glass slides in a medium of 25% polyvinyl alcohol, 

25% glycerol and 50% PBS, and then imaged on the confocal microscope. Where 

applicable, sections were incubated in the fluorescent nuclear stain Syto-13 (Life 

Technologies, Grand Island, NY) at a concentration of 1:4,000 prior to embedding on 

glass slides. 

 

Golgi impregnations 

Animals were cold anesthetized. The antennae were cut off from the head at their base, 

mouthparts were removed and the rostrum opened while submerged in the chromation 

solution ( 2.5% potassium dichromate containing 1.3% sucrose). The anterior part of the 

head containing the brain was then cut away from the body and placed in a vial of fresh 

fixative consisting of 5 parts of chromation solution and 1 part 25% glutaraldehyde for 4 

days at room temperature. Tissue was cleaned of muscle, fat bodies, and trachea. 

Subsequently, brain tissue was treated as follows. Brains were washed in several changes 

of 2.5% potassium dichromate (without sucrose). This was followed by a second 

chromation (3 days at room temperature) in 2.5% potassium dichromate and 1% osmium 

tetroxide (99:1). Tissue was then swirled a few seconds in distilled water and then 

immersed in 0.75% silver nitrate. After 3 days of impregnation, brains were dehydrated, 
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embedded in epoxy resin, and serial sectioned at 30 mm 

 

Western blots 

Brain tissue for P. americana was homogenized in lithium dodecyl sulfate (LDS) sample 

buffer with a protease inhibitor cocktail (SIGMA, St. Louis, MO) and run under reducing 

conditions. Cell lysate from the hippocampus of R. norvegicus was purchased from G-

Biosciences (#SLR-024, St Louis, MO) and added to LDS sample buffer containing 

protease inhibitor cocktail. The Novex electrophoresis system was used for protein 

separation as described by Gibson and Tolbert (2006). 

 

Imaging and reconstruction 

Confocal reconstructions were made with an LSM 3 Pascal confocal microscope (Zeiss, 

Oberkochen, Germany). From 10 to 30 images of 1,024 x 1,024 pixel resolution at 12-bit 

color depth were scanned by using 10X/0.3 plan Plan-Neofluar objectives. Light 

microscopy images were obtained with a Zeiss Axio Imager Z.2. Step focus series (0.5 – 

1.0 µm increments) of stitched images were reconstructed using the software Helicon 

Focus (Helicon Soft, Kharkov, Ukraine). Selected images were digitally processed and 

assembled using Adobe Photoshop CS4 (Adobe Systems, San Jose, CA). 

 

2.5.4 Results 

PKA-C immunoreactivity resolves the insect mushroom body and mammalian 

hippocampus 
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We first tested the affinity of both mammalian and insect brains to antibodies raised 

against the mammalian PKA-Cα. As expected, in the rat (Rattus norvegicus), areas CA1, 

CA2, and CA3 were intensely immunoreactive to antibodies against PKA-Cα (Fig. 2A). 

Tests for immunoreactivity to mammalian PKA-Cα in the cockroach, Periplaneta 

americana showed high affinity in the mushroom bodies and the central complex’s 

ellipsoid body (Fig. 2B). Next, in order to demonstrate specificity of the PKA-Cα 

antibodies, we performed Western blot assays on brain tissue of the cockroach and rat. 

Antibodies against mammalian PKA-Cα recognized bands of the expected molecular 

weight around 39kD in both the rat and cockroach, revealing cross-phyletic specificity of 

this antibody (Fig. 2C). 

 

Morphological correspondences of mushroom bodies and hippocampus 

The major input to the hippocampus is from the entorhinal cortex to the dendate gyrus on 

to the dendrites of granule cells, a system of densely packed neurons with extremely 

small perikarya. Axon-like processes, called mossy fibers from the granule cells extend in 

parallel through CA3 where they are intersected by pyramidal cells (Fig. 3A). Golgi 

impregnations and Nissl stains of the rat hippocampus resolve this highly ordered 

arrangement of parallel fibers intersecting local pyramidal cell processes at 

approximately right angles, providing a rectilinear network (Fig. 3C). 

 A characteristic feature of insect mushroom bodies, recognized as long ago as the 

mid-19th century (Strausfeld and Seyfarth, 2008), is a highly circumscribed distal mass 

of minute basophilic cell bodies, called globuli cells, that cap the peripheral neuropil of 

mushroom body, called the calyces. Globuli cells provide a dense layer of dendrites that 
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receive their inputs from olfactory centers (Fig. 3B). Furthermore, globuli cells give rise 

to thousands of parallel axon-like processes that are intersected by the axons of afferent 

neurons and the dendrites of efferent neurons (Fig. 3D). This organization applies to all 

insects (Strausfeld et al., 2009). Thus, the hippocampus and mushroom bodies, both 

forebrain centers, share key features: a concentrated population of minute basophilic 

neurons provide a dense system of dendrites receiving inputs from higher olfactory 

centers. These dendrites provide, respectively, the main elements of the dentate gyrus and 

mushroom body calyx; in both, they give rise to parallel intrinsic fibers intersected by 

sequential domains of afferent and efferent arborizations, resulting in a rectilinear 

organization of neuronal processes. That this rectilinear organization is likely to have 

been present in the protostome-deuterstome ancestor (PDA) is supported by observations 

of lophotrochozoan brains, (described in Wolff and Strausfeld, 2015). 

 

PKA-Cα immunoreactivity resolves mushroom body homologues across Chordata. 

We next investigated whether intense PKA-Cα immunoreactivity is a character shared by 

paired forebrain neuropils across non-mammalian chordates. We applied PKA-Cα 

antibody to vibratome sections of brains of representative taxa from several major 

chordate classes: Petromyzontida (lampreys), Acrinoptergii (ray-finned fishes), 

Amphibia, and Mammalia. Nuclei of the medial pallidum of the lamprey, zebrafish, and 

turtle are selectively resolved by PKA-Cα immunoreactivity (Fig. 4A,C,D). In the 

amphibious newt, PKA-Cα is also enriched in the pallium, however in lateral regions 

(Fig. 4B). demonstrating that this molecular character is shared across mandibulate 

arthropods. Although well-resolved brain atlases are not available for these taxa, they all 
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show regions of concentrated PKA-Cα expression in the pallium, a molecular character 

present in five chordate groups, indicating a continuum of genealogical correspondence 

or inheritance from a common ancestor. 

 

2.5.5 Discussion and Conclusions 

Anti-DC0 specifically targets the major catalytic subunit of Drosophila protein kinase A 

(PKA), which is ubiquitous among cell and tissue types. Why then, does this antibody 

selectively reveal the mushroom body with such extraordinarily high affinity compared 

with surrounding neuropils? One possible explanation is that affinity might simply be due 

to the density of neuronal processes in the mushroom body. However, although these are 

among the densest in the brain, fan-shaped body neuropil is as dense, as is synaptic 

neuropil in antennal lobe glomeruli or in the optic lobe’s lobula plate. Yet none of the 

three are differentially resolved by anti-DC0. 

 In its inactive form, PKA exists as a holoenzyme consisting of two catalytic subunits 

negatively modulated by two regulatory subunits. Upon binding cAMP, the holoenzyme 

dissociates, leaving the catalytic subunits free to phosphorylate various substrates 

including transcription factors, synaptic vesicle proteins, and voltage or ligand-gated ion 

channels. An explanation for the relatively high immunoreactivity of the DC0 antibody in 

learning and memory centers is that the epitope might only be available in the dissociated 

active form of the catalytic subunit and that PKA is persistently active largely in these 

structures. For example, persistent PKA activation may be achieved by increased 

production of cAMP during synaptic plasticity as well as ubiquitination of regulatory 

subunits leading to degradation in the proteosome and an overall higher ratio of catalytic 
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to regulatory subunits (Nguyen and Woo, 2003; Tai and Schuman, 2008). 

 High levels of DC0 have previously been reported in the mushroom bodies of D. 

melanogaster (Skoulakis et al., 1993) and PKA has long been implicated in a role for 

synaptic facilitation both in vertebrates and invertebrates (Burrell and Sahley, 2001; Abel 

and Nguyen, 2008). It is significant that centers across arthropods and annelids 

morphologically corresponding to mushroom bodies share this character of high DC0 

immunoreactivity. That this trait includes the hippocampus of mammals are pallial 

regions in other chordate groups implies that the common ancestor of all Bilateria 

possessed a center with attributes of the mushroom body ground pattern, including a high 

ratio of PKA catalytic to regulatory subunits, thereby facilitating integrated sensory 

information to form associations.  

The current view that the protostome-deuterostome ancestor must have been 

simple (see Erwin and Davidson, 2002) may find an exception with respect to its brain. 

Molecular studies have determined that the last common ancestor of protostomes and 

deuterstomes possessed most of the Hox genes present in extant bilaterians (de Rosa et 

al., 1999) and, more specifically, orthologous genes responsible for the organization of 

brains into forebrain, midbrain, and hindbrain are shared by protostomes and 

deuterostomes (Hirth et al., 2003). Conservation of these developmental genes has been 

verified by cross-phylum rescue of forebrain defects in Drosophila mutants lacking the 

segmental patterning gene orthodenticle (otd) by the murine gene homologues, Otx1/2 

and the reverse rescue of forebrain defects in Otx- mice by over expression of otd 

(Acampora et al, 1998). Comparisons of two other forebrain centers, the 

arthropod/annelid central complex and vertebrate basal ganglia, have also resolved suites 
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of orthologous genes that underlie developmental and functional properties shared by 

these subsystems, as well as organizational ground patterns (Strausfeld and Hirth, 2013a).  

Functional conformity provides another indicator of genealogical correspondence 

originating in an ancestral network in deep time. In addition to evidence that high levels 

of PKA-C typify mammalian hippocampi and arthropod mushroom bodies, further 

correspondence are revealed by the specific association in learning and memory 

processes of specific orthologous genes involved in protein synthesis. In both mouse and 

Drosophila, the ubiquitin ligase protein Neuralized, encoded, respectively, by the 

orthologous genes Neurl1 (Neuralized1) and Neur (Neuralized) promotes protein-

synthesis dependent long-term memory (Pavlopoulos et al., 2008, 2011). In the murine 

hippocampus, Neurl1 overexpression results in dendritic growth and enhanced 

hippocampus-associated LTM (Pavlopoulos et al., 2011).  A corresponding role of Neur 

has been shown in Drosophila, where Neur expression is specific to one subset of 

neurons in the vertical and medial (α, β) lobes of the mushroom body. Overexpresssion of 

Neur enhances Long term Memory (LTM), whereas a loss of one Neur gene impairs 

LTM (Pavolpoulos et al., 2008). In, respectively, mammals and in insects the orthologous 

genes Egr-1 and Egr encode Early Growth Response Protein 1. Mice with a 50% 

reduction of Egr-1 expression suffer highly impaired long-term memory performance in 

spatial learning and memory tasks, whereas there is no deficit in performance of novelty 

recognition (Jones et al., 2001). In rats there is a significant and transient upregulation of 

Egr-1 in the dorsal hippocampus that peaks 30 minutes after spatial learning tasks, such 

as water maze navigation (Guzowski et al., 2001). Corresponding relationships of Egr 

expression are found in Drosophila. Transient upregulation of Egr expression, also 
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peaking at 30 minutes, occurs in the mushroom bodies of honey bees learning to orient to 

novel visual stimuli (Lutz and Robinson, 2013). In honey bees, as in rats, the absence of 

visual novelty elicited no Egr upregulation. These studies demonstrate a highly conserved 

role for Egr-1/Egr in spatial learning and memory in both hippocampus and mushroom 

bodies and support earlier studies on cockroaches that showed place memory mediated by 

the mushroom bodies (Mizunami et al., 1998).  

To date, the enhanced expression or the disruption of at least sixteen orthologous 

protein-encoding genes generate corresponding effects on memory processes in rodents 

and insects (Table 1). The question arises whether such similarities are fortuitous, a result 

of convergent co-option of genes expressed in structurally corresponding neural networks 

that, too, have arisen by convergent evolution. Or, does such molecular and structural 

correspondence reflect an ancient ancestral memory system that has, over eons, been 

maintained and elaborated in parallel in at least three evolutionary trajectories – chordate, 

annelid, and arthropod – culminating in present hippocampus and mushroom body 

circuits and functions? Another similarity is that the hippocampus’s dentate gyrus, the 

mushroom body’s calyx, and the crustacean homologue (the hemiellipsoid body) all share 

in common the rare property of a brain center that generates new neurons during adult 

life (Schmidt, 1997; Gage, 2000; Cayre et al., 2000). In the hippocampus new granule 

cells add mossy fibers in parallel to the existing ensemble (Gage, 2000); in mushroom 

bodies (Cayre et al., 2000), and hemiellipsoid bodies (Schmidt, 1997) globuli cells 

provide new parallel fibers to their ensembles. A shared behavior that promotes such 

neurogenesis in mammals and insects is agonistic rivalry where it is in the dominant 

individual that new neurons are generated (Kozorovitskiy and Gould, 2004; Ghosal et al., 
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2009). 

Comparisons across Arthropoda and Chordata all point to the inevitable conclusion that 

forebrain centers that mediate learning and memory, and are equipped with 

corresponding neural organization, are unlikely to have evolved by convergence. 

Mushroom body networks are today resolved in some of the simplest bilaterians, such as 

polyclad flatworms (Wolff and Strausfeld, 2015) that serve as proxies for ancestral 

metazoans, which over 550 million years ago left fossilized traces of foraging behavior 

evidencing memory of place (Seilacher et al., 2008; Erwin, 2005). Data provided here, in 

addition to the revolutionary study by Tomer and colleagues (2010), provides the most 

parsimonious interpretation for such correspondences: that a neural system typifying 

mushroom bodies had originated at least by the beginning of the Palaeozoic era, and has 

been maintained and elaborated throughout three major evolutionary trajectories since. 

 

2.5.6 Specific contribution of author 

For Chapter 2.5, the author wrote the original draft, participated in editing, performed all 

immunocytological procedures and image collection. Dr. Nicholas Strausfeld contributed 

significantly to the editing process and figure preparation.  Vertebrate dissections were 

performed by Drs. Nate McMullen, Monica Chowla, Brita Robertson, Sarah Woodley, 

and Maki Niihori. 

 

2.5.7 Figure legends 

Fig. 1. An abbreviated phylogeny highlighting taxa investigated in this study. 

Representative brains are shown as outlines (not to scale) linked to their respective taxa. 
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Higher order centers receiving input from olfactory neuropils are shown magenta; their 

associated cell body layers are shown in green. Insecta is represented by the American 

cockroach, P. americana (bottom left), with its large mushroom bodies receiving afferent 

input from the antennal lobes and capped by a layer of basophilic globuli cells. Mammals 

are represented by the rat, R. norvegicus. The mammalian brain is characterized by paired 

hippocampi with their enfolded cell body layers. 

 

Fig. 2. Cross-phyletic correspondence of PKA-Cα immunoreactivity.  (A) Confocal 

laser scan of brain of the cockroach, Periplaneta americana labeled with antibodies 

against mammalian PKA-Cα (magenta).  The concentration of PKA-Cα 

immunoreactivity in the mushroom body (Mb) and ellipsoid body (Eb) of the central 

complex is the same as the pattern of DC0 antibody localization in the cockroach brain 

(Wolff et al., 2012). (B) In the rat, Rattus norvegicus, hippocampus, mammalian PKA-Cα 

immunoreactivity (magenta) is strong in the CA fields. α-tubulin immunoreactivity 

(cyan) and nucleic acid stain (green) provide structural reference (A and B). (C) Western 

blot assay of mammalian PKA-Cα antibody comparing brain tissue of R. norvegicus (rat) 

and P. americana (cockroach) reveals a band around 39 kD, indicating cross-phyletic 

specificity of this antibody. grc = granule cells. Scale bars = 600 µm in A; 200 µm in B. 

 

Fig. 3. Congruent circuitry of the rodent hippocampus and insect mushroom body. 

(A) In the rodent brain, pathways projecting from the olfactory lobes (OL) target the 

dentate gyrus (DG) via the entorhinal cortex (EC).  Mossy fibers, whose dendrites are 

located in the DG, send their axons into CA3 of the hippocampus. (B) In the insect brain, 
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pathways projecting from the antennal lobe (AL) target the mushroom body calyx (Ca) 

via the lateral horn (LH).  The dendrites of Kenyon cells are located in the Ca and their 

axons form the mushroom body lobes (MBL).  (C) Golgi impregnated section of rat CA3 

showing rectilinear neuronal arrangement of parallel mossy fiber processes (originating 

in the DG) intersected by efferent dendrites of pyramidal cells.  (D) Golgi impregnation 

of the cockroach MBL resolves corresponding rectilinear arrangements of parallel fibers 

from the Ca intersected by the dendrites of efferent neurons. Colors indicate fore- 

(purple), mid- (yellow) and hindbrain (rust). Ce=Cerebellum, C/T=colliculus tectum, 

La=lamina, Lo=lobula, Me=medulla. All scale bars = 100 µm. 

 

Fig. 4. Anti- PKA-Cα reveals corresponding immunoreactivity of higher order brain 

centers across chordates. (A) Confocal laser scans from brain tissue sections of the 

turtle, T. scripta elegans; (B) newt, P. shermani; (C) zebrafish, R. danio; and (D) 

lamprey, P. marinus. The medium pallium areas of the turtle, zebrafish, and laprey brains 

are highly PKA-Cα immunoreactive (magenta) compared to surrounding tissue. In the 

newt, the lateral pallium is also stained with relatively high intensity using the anti-PKA-

Cα antibody. α- tubulin immunoreactivity (cyan) and nucleic acid stain (green) provide 

structural reference. 
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2.5.8 Figures  
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Figure 2 
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Figure 3 
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Figure 4 
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Table 2.5.1 Orthologous gene expression correspondences in hippocampus and 
mushroom body 
Mouse/rat hippocampus Drosophila/honey bee mushroom body 
Neurl1 
Encodes ubiquitin ligase protein, 
Neuralized 1. Promotes protein-synthesis 
dependent long-term memory (Pavlopoulos 
et al., 2011) 

Neur 
Encodes ubiquitin ligase protein, 
Neuralized. Promotes protein-synthesis 
dependent long-term memory (Pavlopoulos 
et al., 2008) 

Prkar1b 
Encodes neuronal isorform of cAMP-
dependent protein kinase A type I 
regulatory subunit.  Role in hippocampal 
long-term depression and depotentiation 
(Brandon et al., 1995) 

PKA-RI 
Expressed at high levels in mushroom 
bodies. Role in associative learning 
(Goodwin et al., 1997). 

PRKACA 
Encodes PKA-Cα, involved in the 
regulation of hippocampus-dependent 
memory (Abel et al., 1997) 

DC0 
Required for synthesis of cAMP-dependent 
protein kinase A (PKA) catalytic subunit 
DCO. Required for cAMP regulation 
(Skoulakis et al., 1993; Gervasi et al., 
2010; Yamazaki et al., 2007) 

Adcyap1 
Encodes PACAP (pituitary adenylate 
cyclase-activating polypeptide) promotes 
long term facilitation; NMDA receptor 
regulation in CA1 pyramidal cells (Roberto 
et al., 2001; Matsuyama et al., 2003; Yang 
et al., 2010) 

Amn 
Encodes PACAP-like neuropeptide 
required for memory retention, olfactory 
memory (Feany and Quinn, 1995; 
Hashimoto et al., 2002; Keen et al., 2004) 

Egr1 
Early Growth Response Protein 1 
Expressed during initial phase of spatial 
learning (Jones et al., 2001; Guzowski et 
al., 2001). 

Egr (in honey bee) 
Early Growth Response Protein. Expressed 
during initial phase of spatial learning 
(Lutz and Robinson, 2013). 

CPEB gene family 
Encode cytoplasmic polyadenylation 
element binding proteins, which regulate 
synaptic plasticity in the hippocampus 
[Pavlopouls et al., 2011; Alarcon et al, 
2004]. 

Orb/Orb2 
Encode Drosophila CPEB proteins 
necessary in mushroom body neurons for 
long-term memory formation (Pai et al., 
2013, Keleman et al., 2007) 
 

Itga3 
Encodes the α3 integrin subunit, which 
facilitates long-term potentiation (LTP) in 
Schaffer collateral-CA1 synapses in the 
hippocampus and is required for working 
memory behavior (Chan et al., 2007) 
 

vol 
Encodes αPS3-integrin, preferentially 
expressed in mushroom bodies.  Required 
for formation of short-term memory 
(Grotweil et al., 1998) 
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EGFR 
Encodes epidermal growth factor receptor, 
which is expressed at relatively high levels 
in the hippocampus.  Epidermal growth 
factor in the hippocampus facilitates 
induction of LTP (Tucker et al., 1993; Abe 
et al., 1991) 

EGFR 
Epidermal growth factor receptor required 
in the mushroom bodies of Drosophila 
larvae for olfactory learning (Rahn et al., 
2013) 

mDach1 
Encodes a nuclear protein with activity in 
the forebrain and especially CA1 field of 
the hippocampus (Machon et al., 2002) 

dac 
Encodes a transcription factor necessary for 
proper mushroom body development 
(Martini and Davis, 2005) 

Pax6 
Encodes transcription factor Pax6 
necessary during CNS development, for 
hippocampus-dependent short-term meory, 
and plays a role in adult hippocampal 
neurogenesis (Nacher et al., 2005; Tuoc et 
al., 2009) 

toy 
Encodes a Pax6 protein necessary for 
proper mushroom body development 
(Furukubo-Tokunaga et al., 2009) 

Rheb 
Encodes small GTP-binding protein Rheb, 
expressed at high levels in the 
hippocampus.  Rheb expression is 
upregulated in hippocampus granule cells 
following LTP induction (Yamagata et al., 
1994) 

Rheb 
Encodes small GTP-ase Rheb, which 
regulates mushroom body neuron growth 
and induction of long-term memory 
(Brown et al., 2012) 

Fmr1 
Encodes fragile X Mental Retardation 
Protein (FMRP), necessary for proper 
hippocampal development and 
social/cognitive behaviors (McNaughton et 
al., 2008; Levenga et al., 2011) 

dfmr1 
Encodes the FMRP orthologue dFMRP, 
highly enriched in the mushroom bodies 
and necessary for proper development of 
these structures (Michel et al., 2004; 
Schenck et al., 2002) 

NCAM 
Encodes Neural Cell Adhesion Molecule 
(NCAM), necessary for proper synaptic 
targeting of hippocampal mossy fiber 
projections as well as for olfactory 
learning. Role in LTP (Knafo et al., 2005; 
Lüthi et al., 1994; Vogt et al., 2012) 

Fas2 
Encodes cell adhesion molecule fasciclin 
II, orthologous to NCAM. Necessary for 
proper mushroom body development, 
particularly lobe morphology (Fushima and 
Tsumimaru, 2007) 

L1CAM 
Encodes L1-cell adhesion molecule 
(L1CAM), necessary for axonal and 
dendritic bundling of hippocampal neurons. 
Role in LTP (Lüthi et al., 1994; Barry et 
al., 2010) 
 

Nrg 
Encodes L1CAM orthologue Neuroglian, 
necessary for mushroom body axon 
development (Goossens et al., 2011) 
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CaMKII 
Encodes a calcium/calmodulin-activated 
protein kinase.  CaMKIIα protein 
expression is highest in the dentate gyrus, 
CA1 and CA3 of the hippocampus. 
Dysfunction implicated in Angelman 
Syndrome (Steinkellner et al., 2012; Wang 
et al., 2013) 

CaMKII 
Encodes a calcium/calmodulin-activated 
protein kinase.  CaMKII immunoreactivity 
is most highly concentrated in the 
mushroom body lobes and calyces. (Pasch 
et al., 2011) 

14-3-3ζ 
Encodes 14-3-3 proteins necessary for 
neurodevelopment and social cognition. 
(Cheah et al., 2012) 

leo 
Encodes 14-3-3ζ orthologue Leonardo, 
enriched in mushroom bodies and  
necessary for olfactory learning and 
memory (Skoulakis and Davis 1996) 

 

2.6 Conclusions 

2.6.1 Main summary and conclusions 

The results of the present study indicate corresponding morphological characters and 

protein expression in learning and memory centers across all arthropod groups, 

representing Ecdysozoa, as well as in Lophotrochozoa and Deuterostoma, thus 

encompassing all the Bilateria. Morphological correspondences across mushroom bodies, 

hemiellipsoid bodies, and hippocampi included a rectilinear organization of neuronal 

processes, the presence of parallel fibers, and an associated, tightly packed cell body 

layer.  Furthermore, antibodies against the proteins PKA-Cα, pCaMKII, and 14-3-3ζ 

localize to learning and memory centers across phyla, and can be used as biomarkers for 

corresponding structures. Based on the ubiquitous presence of these characters in all 

bilaterian taxa presently studied, we conclude that the last common ancestor of the 

Bilateria possessed a learning and memory center with elaborately structured, orthogonal 

circuitry and relatively high expression of PKA catalytic subunit and other proteins 

necessary for learning and memory.  



47 
2.6.2 Unresolved issues and future questions 

Despite the multitude of corresponding characters across bilaterian forebrain structures 

described in this dissertation, there are still many more taxa whose forebrains have not 

been characterized and may further resolve the trajectory of evolution in learning and 

memory structures.  There remain to this day, several clades whose phylogenetic 

positions are uncertain.  For example, the Xenacoelomorpha, a group of flatworms 

originally thought to be monophyletic with the Platyhelminthes, has recently been 

separated from this clade based on developmental and molecular evidence.  However, 

different phylogenies either place the xenacoelomorphs basal in the Deuterostomia or 

basal to all bilaterians (Bailly et al., 2012).  Resolution of this phylogenetic position 

would have a significant impact on the understanding of what either the urbilaterian or 

ancestral deuterostome may have looked like.  It is therefore necessary to characterize the 

brains of xenacoelomorphs, which include the acoels, nemertodermatids, and a single-

species genus, Xenoturbella.  If evidence of structures characterized by the mushroom 

body ground pattern are present in the Xenacoelomorpha, this would strongly support the 

origin of learning and memory structures early in the Bilateria or in the PDA.  A lack of 

such evidence may support the alternative hypothesis that protostomes and deuterostomes 

evolved analogous structures for learning and memory through convergence or that the 

extant xenacoelomorphs evolved secondary loss of these centers. 

 A second dimension of elaboration in the comparative study of bilaterian forebrains is 

to increase the amount of characters that are compared.  Given the suite of genes with 

corresponding functions of orthologues across mammals and arthropods (described in 

Table 1 of chapter 2.5), we have a starting point for choosing candidate genes whose 
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localization can be used as molecular characters to compare across bilaterian phyla.  

Although direct evidence of urbilaterian nervous system organization may not be 

observed, our confidence in a reconstruction of this nervous system may only be 

strengthened by comparing as many characters as possible, describing the most minute 

observable details available (Simpson, 1964; Strausfeld and Hirth, 2013b). 

 Whether learning and memory structures evolved convergently or divergently in the 

bilaterian phyla, we can learn several important lessons from comparative 

neuroanatomical and molecular studies.  First, for elements of the mushroom body 

ground pattern to have either been conserved over hundreds of millions of years or to 

have evolved multiple times, they must be essential to the circuitry necessary for learning 

and memory.  Observations of how animal brains achieve sensory integration, 

coincidence detection, and behavioral output will be invaluable for informing electrical 

and software engineers to build circuit diagrams for artificial intelligence machines 

capable of learning and behaving appropriately in the changing environment.  Secondly, 

proteins that are necessary for learning and memory in humans have been identified as 

playing corresponding roles in the development or function of learning and memory 

structures in insects.  These proteins may be more efficiently studied in species such as 

Drosphila melanogaster and findings from invertebrate laboratories may prove useful to 

understanding both normal function and disorders of the human hippocampi, necessary 

for forming memories which are arguably essential to our individuality. 
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1. INSECT ORIGINS FROM MALACOSTRACA 

No consideration of the insect brain can escape its ancestry. This means the need to 

appreciate what parts of the brain specifically pertain to insects and what parts might 

have been present in their marine ancestors.  

It has been proposed that crustaceans belonging to the taxon Remipedia may be 

key to understanding the origin of Hexapoda (Ertas et al. 2009, Regier et al. 2010, 

Stemme et al. 2012; see also chapter 44). This has found fundamental support from a 

molecular phylogeny derived from sequence analyses of hundreds of nuclear protein-

coding genes sampled across major groups of arthropods (Misof et al. 2014). This 

phylogeny places the time of hexapod divergence from a marine ancestor as the early 

Ordovician. Not surprisingly, given the rarity of hexapod fossils, there is a huge disparity 

between this time-line and the earliest hexapods in the fossil record, which are ascribed to 

the lower Devonian (Whalley and Jarzembowski 1981). 

 At the time of writing, the most recent molecular phylogeny resolves the remipede 

Speleonectes as the closest extant relative of Hexapoda (Misof et al. 2014). Remipedes 

are blind anchialine crustaceans that have homonomous body segmentation, a feature 

sometimes proposed to reflect “primitive” features. No confirmed fossil remipede exists, 

although vermiform homonomous stem crustaceans, equipped with eyes, have been 

identified in Silurian and Carboniferous deposits (Siveter et al. 2007, Brooks 1955). 

Evidence for an insect origin from a malacostracan-like ancestor is suggested by the 

extant remipede brain, which reveals clear affinities with the brains of reptantian 

crustaceans (Fanenbruck et al. 2004). As in Malacostraca, the prestomodial remipede 

brain is composed of fused proto-, deuto- and tritocerebral neuromeres; and their 
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constituent neuropils are typical of Malacostraca. Their deutocerebral, olfactory lobes 

(associated with the first pair of antennae) are organized as clustered glomeruli, much as 

in stomatopod crustaceans (Strausfeld 2012), and these lobes provide heterolateral 

connections to hemiellipsoid bodies on both sides of the brain. These centers are now 

recognized as homologues of the insect mushroom bodies (Wolff et al. 2012, Wolff and 

Strausfeld, 2015). The presence in the remipede brain of a modest satellite neuropil 

comprising small ball-like glomeruli adjacent to each antennular lobe indicates accessory 

lobes – albeit much reduced – an apomorphy of Reptantia (Sandeman et al. 1993).  

 Arthropod phylogenies revealed by molecular methods provide agreement with the 

novel approach of employing neural characters for cladistic analysis (Strausfeld and 

Andrew 2011), which resolve Hexapoda and Malacostraca as sister groups derived from 

a malacostracan-like ancestor, with Branchiopoda having undergone simplification and 

loss of many of its cerebral centers including the second optic neuropil and hemiellipsoid 

bodies. However, fossil brains identified in a lower Cambrian species (Fuxianhuia 

protensa) confirm an ancient origin for the malacostracan-insect brain ground pattern 

(Ma et al., 2012). This appears distinct from that of another coeval stem taxon 

(Alalcomenaeus sp.), in which putative central nervous system resolves a chelicerate-like 

organization (Tanaka et al. 2013). Thus, although molecular sampling places the 

remipede Spelionectes as the closest extant crustacean relative of extant hexapods, its 

morphology reflects evolved divergences that are suited for its peculiar ecology: loss of 

the entire visual system, loss of tagmosis and the gain of unique poison-injecting 

mandibles, an evolutionary novelty amongst extant crustaceans (von Reumont et al. 
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2014). Acquisition of such divergent modifications must have taken very many millions 

of years.  

Although the ancestor of both insects and remipedes possessed a malacostracan-

like brain, we can only speculate about its overall morphology. As a protomandibulate it 

likely possessed mandibulate mouthparts, and it probably had lost the biramous pair of 

tritocerebral appendages - the second antennae (“A2”) – that characterizes extant 

crustaceans, including remipedes. A mid-Cambrian species known to have had those 

insect-like attributes is Waptia fieldensis (Strausfeld 2012a), one of the more plentiful 

fossils from the Burgess Shales. This species possessed one pair of antennules, each 

having a pedicellus- and scapus-like article contiguous with an annulated flagellum 

equipped with aesthetascs. The profile of Waptia’s flattened brain corresponds to the 

profile typical of a malacostracan or insect brain compressed rostro-caudally along the 

neuraxis (Strausfeld 2012a,b).  

Considering their evolutionary affinities, it is hardly surprising that the brain of a 

hemimetabolous insect such as the cockroach Periplaneta americana is so similar to that 

of a malacostracan crustacean, such as the glass shrimp Paleomonetes pugio (Fig. 1). 

Possibly, the most outstanding differences between the brains of malacostracans and 

insects refer to the presence of a second pair of antenniform appendages in the former but 

none in the latter and associated differences of their attendant neuropils. Insects possess 

just a single pair of uniramous antennae, homologues of the crustacean first pair of 

antennae (called the antennules), that originate at the deutocerebral segment yet its axons 

innervate both the deuto- and tritocerebrum. This arrangement reflects the ancestral state 

of possessing two pairs of antenniform appendages.  
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In many insects, mechanoreceptors of the uniramous antenna are predominantly 

localized at the level of its first two articles, the scapus and pedicellus. In certain other 

species, such as cockroaches, haptic sensilla are additionally distributed along at least 

part of the flagellum (Nishino et al., 2005). However, behavioral experiments have shown 

that mechanoreceptors at the scapus and pedicellus mediate behaviors that are distinct 

from those elicited by haptic signals from the flagellum (Comer et al., 2003). Axons from 

mechanoreceptor axons innervate neuropils in the deutocerebrum and the tritocerebrum. 

Axons from olfactory receptors that are located on flagellar antennomeres end in the 

deutocerebrum’s olfactory (antenna) lobe.  

In crustaceans, the uniramous first antennae (antennules; see also chapter 45), 

homologues of the insect antennae, is equipped with olfactory sensilla, the axons of 

which end ipsilaterally in the deutocerebrum’s olfactory lobes and lateral antennular 

neuropils (Mellon, 2012). The striate neuropil of the tritocerebrum is mainly supplied by 

axons from the biramous second antennae, which are equipped with both haptic, 

vibratory and contact chemoreceptors (Sandeman, 1989; Zeil et al., 1985; Bauer and 

Caskey, 2006; Halberg and Skog, 2011). Haptic neuropils in the insect tritocerebrum 

have comparable architectures (Figure 1). 

In short, the disposition and central targets of olfactory receptors and mechano- 

and contact chemosensory receptors are essentially the same in crustaceans and insects 

except that crustaceans possess antenniform appendages at two segments, whereas in 

insects all receptor types are hosted on the one pair of deutocerebral appendages, from 

which their axons segregate to segmentally distinct ancestral (crustacean-like) targets.  
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Broad comparisons of brain organization across mandibulates demonstrate that 

insects and crustaceans are sister groups and that the organization of many of their 

neuropils and their constituent neurons correspond.  The brains of both are very different 

indeed from those of their mandibulate cousins, the Myriapoda, which also have a single 

pair of deutocerebral antennae. Although their brains have lateralized glomerular 

neuropils in the deutocerebrum and tritocerebrum that relate to antennal inputs, except for 

optic lobe neuropils, protocerebral neuropils are generally arranged as layered territories 

that extend heterolaterally (Sombke et al., 2012; Strausfeld 2012b). In crustaceans and 

insects, other than the fan-shaped body and ellipsoid body (see page xxx), most neuropils 

are organized as lateralized domains connected heterolaterally by tracts (Strausfeld 

2012b).  

Following on from that observation, the remainder of this chapter will provide a 

condensed description – a primer of sorts – of the organization of a generic insect brain, 

largely synthesized from dipterous and blattoid species with a commentary on some of its 

most relevant functional attributes, with occasional comparisons with the brains of other 

arthropod taxa. For a description of the brains of insects in the context of their evolution 

and brain organization in other arthropod groups the reader is referred to a volume on 

arthropod neuroanatomy published by Harvard University Press (Strausfeld 2012b). 

 

2. THE INSECT PROTOCEREBRUM: NEUROPILS OF SENSORY 

ASSOCIATION 

It is understandable that most studies on the insect brain have focused on centers that 

have clearly defined geometrical attributes, such as columnar or glomerular arrangements 
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that reflect the reiterated organization and morphologies of their constituent neurons. 

Examples are the optic lobes, mushroom bodies, antennal lobes, and the central complex. 

Far less attention has been given to the centers of the brain that constitute the 

protocerebral neuromere. Studies of Diptera identify at least twenty-two centers that, 

until recently, have been dismissed as “unstructured” neuropils. Unstructured they are 

not. All of them are revealed by appropriate histological methods such as reduced silver 

or various molecular markers that resolve synaptic sites, glial boundaries, neurotubular 

proteins or axons (Strausfeld 1976, Ito et al. 2014).  

Naming the Protocerebrum.  

Each protocerebral center can be spatially related to a specific cluster of neighboring 

neuropils, each cluster defining a broader partition of its parent neuromere (brain 

segment). For example, the broad region termed the “ventrolateral protocerebrum” 

comprises seven discrete centers; the volume designated as the “superior protocerebral 

neuropils” comprises three centers: the superior lateral, intermediate, and medial 

protocerebrum  (see Table 1 in: Ito et al. 2014). While the organization of these centers is 

typical of a species, homologous centers can be identified across genera extending even 

to Malacostraca, as can homologous systems of connecting axon tracts and fascicles. 

However, those homologies may not be immediately evident when, for example, the 

volume of the mushroom bodies or the antennal lobes is so great as to distort and 

compress adjacent neuropils (see Fig. 8A, page XXX). If comparative descriptions are to 

be meaningful, cerebral centers must be identified using appropriate techniques, and their 

clustered organization should reflect those defined in the exemplar species, Drosophila 

melanogaster.  
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 Two standard works have described the organization of cerebral neuropils. One, 

based on reduced-silver staining and focusing on the brain of the house fly Musca 

domestica (Strausfeld 1976), has been largely superseded by a collaborative description 

by 20 authors on the brain of Drosophila melanogaster (Ito et al. 2014), a taxon that, for 

better or worse, is one of the four genetically tractable “model organisms” enjoyed by 

neurogeneticists. The downside is that future students entering the biosciences are likely 

to assume that just four taxa comprise the entire animal kingdom.  

The 2014 publication, which includes on-line manipulable reconstructions of 

neuropils and connections, sets the benchmark for describing and annotating brain centers 

in other pancrustaceans (insects + malacostracans). Thus, throughout this chapter, the 

terms and names for neural structures are usually those given in that nomenclature (Ito et 

al. 2014), which obviates many previous ambiguities. One of the most egregious has been 

dividing the brain into a supra- and subesophageal ganglion, an almost universally 

employed convention.  Except for commissures running beneath the gut linking the two 

sides of the brain, in most hemimetabolous insects, the constituent neuropils of the trito- 

and deutocerebral neuromeres lie above the gut (prestomodeal) and are contiguous with 

the protocerebrum (the most anterior neuromere). However, these neuromeres cannot 

simply be lumped together as the “supraesophageal ganglion” because in holometabolous 

insects certain neuropils belonging to the deuto- and tritocerebral neuromeres have a 

periesophageal disposition, meaning that they extend alongside and even beneath the 

esophagus. If they must be referred to collectively, brain regions above and beneath the 

gut opening are designated supra- and subesophageal zones, not ganglia (Ito et al. 2014). 

The convention adopted is to group the proto-, deuto- and tritocerebral neuromeres, 
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classically ascribed to the “brain,” as the cerebral ganglion (CRG) and the poststomodeal 

mandibular, maxillary and labial neuromeres, still within the head, as gnathal ganglia 

(GNG). Such terms and definitions (Ito et al. 2014) clarify ambiguities that can occur if 

names are based on uncertain genealogical correspondences: such as using “brain,” and 

its synonym “syncerebrum,” to embrace both the rostral commissure of a cycloneuralian 

and the fused supraesophageal mass in a crustacean (see, Richter et al. 2010).  

 

Composition and Connections of the Protocerebrum.  

The following serves to introduce some distinguishing features of the protocerebrum that 

could provide future areas for research that address how sensory data from visual, 

mechanosensory and olfactory centers distribute into the cerebrum and how their signals 

are integrated to provide adaptive behaviors that contribute to survival of that species. To 

begin with, let us consider the general organization of the protocerebrum with reference 

to Figure 2A. This is a frontal section of the brain of the flesh fly Neobellieria bullata 

taken at the level of the central complex’s ellipsoid body to illustrate the relative 

proportions of neuropils at this level. The left side of the panel is a schematic outlining 

some of the protocerebrum’s salient regions with reference to neuropils stained by 

reduced silver. In the schematic, neuropils of the central complex are shown green: the 

upper and lower divisions of the fan-shaped body, the ellipsoid body, and one of the 

paired noduli beneath. The lateral accessory lobe, a major region receiving outputs from 

the central complex, lies to one side. The most rostral protocerebral neuropil is divided 

into its superior medial, superior intermediate, and superior lateral lobes anterior to a 

region called the superior clamp that partly enfolds the mushroom body’s pedunculus, 
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shown in yellow. The posterior ventrolateral and inferior ventrolateral protocerebrum 

contain numerous glomeruli supplied from the optic lobes and together form the optic 

glomerular complex (see page XXX). The optic lobes are protocerebral outgrowths. They 

comprise four nested regions: the lamina, medulla, lobula, and lobula plate, the last two 

collectively called the lobula complex. The antennal lobes, which are not in this plane of 

section, are ventral deutocerebral centers that lie to either side of the esophagus and are 

contiguous with the more dorsal protocerebral neuropils illustrated here. The 

subesophageal zone is composed of the gnathal ganglia and some periesophageal 

neuropils belonging to the deuto- and tritocerebrum. 

 Protocerebral centers are composed of two types of neurons. Small amacrine-like 

neurons that lack definable axons are constrained to within their parent center and 

provide local circuitry there. Neurons that link one or more centers have clearly defined 

dendrites and terminals, as shown in the inset above panel A, Figure 2. 

Considerable effort has been expended to determine the cellular composition of 

each Drosophila melanogaster brain center in terms of its clonal lineages and 

connections. Several methods developed for this purpose can resolve the morphologies of 

all the neurons that constitute a center and provide connections to other centers (Lee and 

Luo 1999, Lai et al. 2008) or demonstrate their iterated arrangements, such as in 

segmental ganglia (Manning et al. 2012). Three recent analyses illustrate both the 

resolving power of these strategies and the different approaches used to interpret the data 

(Ito et al. 2013, Lovick et al. 2013, Yu et al. 2013), which, as might be expected, 

converge with regard to identifying what clones contribute to specific brain areas and 

connections. The study by Ito et al. (2013) is especially notable in demonstrating that 100 
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stem cells generate about 15000 neurons in each side of the brain that contribute to one or 

more of the 22 circumscribed neuropils in the protocerebrum. This is in addition to 

neuropils comprising the central complex and mushroom bodies. Methods employing 

antibodies that recognize neural cytoskeletal proteins, such as b-tubulin, resolve 

homologous centers in other Diptera, as shown in Figure 2B. In centers receiving 

contributions from more than one clone, the arborizations from each clone overlap in a 

highly stereotypic fashion suggesting that such centers possess further functional units 

(termed “communities” by Ito et al. 2013) within their volumes that would otherwise 

remain hidden. The Ito et al. (2013) study uses cluster analysis of such overlapping 

clones to estimate the degree to which centers are connected, thereby indicating the 

relative functional contributions that centers make with one another, such as between the 

antennal lobes and protocerebral regions, or between the optic lobes and more central 

parts of the brain, or between the mushroom bodies and protocerebral centers. Cluster 

analysis also demonstrates those centers that do not communicate with others directly, the 

notable example being the lack of any direct link between the mushroom bodies and 

central complex.  

The ability to genetically label presynaptic loci within any clone further provides 

information about the putative direction of information flow through the brain, though 

not what kind of information that a pathway encodes (Ito et al. 2013). Notable is that 

dendritic trees, conventionally thought to be recipients of information, may possess 

presynaptic sites suggesting that they participate in local computations at their dendrites.  

Taken together, the cited studies are crucial steps in suggesting the outline of a 

connectome, meaning the eventual resolution of the brain’s total connectivity. But to 
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what extent this will illuminate the totality of a brain’s function is very much an open 

question, not least because of the plethora of modulatory systems that extend amongst 

cerebral centers. Of these systems the best known are the dopaminergic afferent neurons 

to the mushroom bodies that support aversive and appetitive learning (Waddell 2013), or 

those that maintain functionality in the decision-making circuits of the central complex 

(White et al. 2010). But there are many other peptidergic systems in the brain that carry a 

variety of biogenic amines and which may serve as co-transmitters or locally released 

neuromodulators (Nässel 2009). This suggests that circuits almost anywhere in the 

protocerebrum are subject to short-term modulation or even functional reconfiguration. 

As beautifully demonstrated by studies of the malacostracan stomatogastric system, 

which consists of a few dozen interconnected neurons, modulatory peptides alone or in 

combination can reconfigure circuits to radically alter their properties and, in so doing, 

elicit a variety of gastric mill behaviors (Nusbaum et al. 2001; see also chapter 46). 

Nevertheless, if the assumption is made that the clonal organization of centers and their 

connections in Drosophila have homologues in other insects then, following the sage 

advice of August Krogh (1929), the experimenter can with confidence select a species 

with nerve cells accessible and robust enough to determine what information is encoded 

by neurons of interest.  

One surprising result in Ito et al. (2013) was the paucity of connections identified 

between what are considered to be cardinal centers for learning and memory and 

protocerebral neuropils. Mushroom bodies have relatively sparse links to other regions. 

Their main input is into their calyces, if these are present, which receive sensory 

interneuron afferents from the antennal lobes, gustatory centers and optic lobes. In 
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Drosophila the protocerebrum supplies possibly fewer than fifty input neurons to the 

mushroom body’s lobes most of which are dopaminergic and play pivotal roles in 

aversive and appetitive memory (Waddell 2013). In many anosmic insect species, these 

neurons are the only inputs to the mushroom bodies, which lack calyces (Strausfeld et al. 

2009). In Drosophila, GAL4 enhancer trap strains identify neurons that provide outputs 

from the mushroom bodies to the protocerebrum that are homologous to those of larger 

insects, but fewer in number, a case for using larger species for investigating what signals 

are encoded by such efferents ( Li and Strausfeld 1997, 1999). 

What, then, is the major afferent supply to the protocerebrum? One source, at 

least in osmic species, are the antennal lobes, which are now recognized as providing a 

substantial distribution to other protocerebral neurons in addition to the mushroom 

body’s calyces (Lai et al. 2008, Galizia and Roessler 2010, Tanaka et al. 2012). The optic 

glomerular complex, which receives most information from the optic lobes and which is 

part of the lateral protocerebrum, supplies afferent neurons to the protocerebrum’s lateral 

horn and superior lateral neuropil, as well as having major connections with their 

contralateral counterparts (Strausfeld et al. 2007). Terminals of ascending neurons that 

relay sensory and motor information to the brain from mechanoreceptive centers in the 

tritocerebrum and thoracic-abdominal ganglia also provide massive inputs to medial and 

lateral protocerebral, as well as to deuto- and tritocerebral, centers. A simple flow 

diagram (Fig. 3), with minimally elaborated brain regions schematizes sensory pathways 

into the brain, culminating in connections supplying the mushroom bodies and central 

complex, both higher centers of the protocerebrum (Fig. 2C-G). The latter receives 

indirect but crucial inputs originating in the mushroom bodies.  
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To what centers or pathways do protocerebral neuropils contribute? Clearly, the dendrites 

of some 350 pairs of descending neurons relate to specific protocerebral neuropils, 

particularly those of the lateral protocerebrum where ascending inputs from the thorax 

converge with glomerular centers receiving outputs from the optic lobes. But it is the 

central complex that appears to receive the most interesting connections with respect to 

its much debated functional roles (see page XXX).  Clonal analysis and single cell 

staining, such as shown in Figure 2D,E, show that neuropils of the superior 

protocerebrum provide inputs to successive layers of the central complex fan-shaped 

body (Phillips-Portillo and Strausfeld 2012). As shown in Figure 2D, those inputs are 

numerous and their distal dendrites, which are densely packed, occupy the greater volume 

of the superior protocerebral neuropils.  

 If this very general overview of the protocerebrum says little about its functional 

connections, it is because much of its neuropil is still terra incognita. Fleeting 

introductions to the optic lobes, central complex, mushroom bodies along with antennal 

centers, are discussed at greater lengths in the following sections. 

 

3. ANTENNAL LOBES: OLFACTION 

For most insect species, their sensory world is dominated by odors, the discrimination of 

which is vital for foraging behaviors, detection of suitable mates, oviposition on desirable 

substrates as well as for intraspecific communication, such as within social insect 

communities (Sato and Touhara 2009, Hansson and Stensmyr 2011, Martin et al. 2011, 

Wyatt 2014).  
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Anatomical Organization of Olfactory Sensory Neurons. 

The passage of olfactory information from the sensory periphery to the central brain 

begins when an odorant molecule (a ligand) comes in contact with the waxy surface of a 

sensillum on an insect’s antenna.  Olfactory receptor neurons are housed in cuticular 

sensilla, which can occur in the tens of thousands and which have the form of slender 

hair-like structures (trichoid sensilla), pegs (basiconic sensilla), and flattened domes 

(placode sensilla) amongst other more exotic shapes (Hildebrand and Shepherd 1997, 

Steinbrecht 1999, Keil 1999, Suh et al. 2014). The odorant molecule diffuses through the 

wax to reach a pore, through which it travels to the aqueous lymph surrounding the 

olfactory receptor dendrite. At this point, the odor molecule faces an impediment.  

Odorant molecules are primarily hydrophobic and will not diffuse through the aqueous 

lymph without assistance, which is in the form of an odorant-binding protein that 

transports the odorant molecule to a receptor on the dendritic surface of the olfactory 

receptor neuron (Pelosi et al. 2006, Fan et al. 2011). 

Odorants are recognized by olfactory receptors on the surface of the olfactory 

neuron dendrites. The receptors are specialized proteins folded into seven transmembrane 

domains, much like those of vertebrate odorant receptor proteins, but with reverse 

polarity (Vosshall et al. 1999). Each protein binds a specific range of odor molecules, 

although with variable affinities (de Bruyne et al. 2001, Bargmann 2006, Wilson and 

Mainen 2006). Each unique receptor protein forms a complex with a universal co-

receptor protein, which in Drosophila melanogaster is encoded by the gene Orco, but is 

conserved across insects (Jones et al. 2005). Depending on the species, there can be 

between ten to some hundreds of olfactory receptor proteins, each of which binds a range 
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of odorants. However, each olfactory receptor neuron is equipped with only one type of 

ligand-sensitive olfactory receptor protein with its accompanying co-receptor although 

some receptor neurons may co-host receptors tuned to ambient environmental cues such 

as humidity or carbon dioxide (see below).  

The exact mechanism of signal transduction is still not resolved. The classical 

view was that once an olfactory receptor binds an odorant molecule, a coupled G-protein 

activates a second messenger pathway, as it does in the vertebrate olfactory receptor 

neuron, which leads to the conversion of ATP to cyclic AMP that activates ion channels 

that depolarize the olfactory receptor neuron (Hildebrand and Shepherd 1997). However, 

more recent evidence suggests that insect olfactory receptors may not be metabotropic, 

but may form ion channels with their co-receptors (reviewed by Sato et al., 2008). Thus, 

the acceptance of the ligand by the olfactory receptor protein, much as a lock accepting 

its key, constitutes a ligand-gated (i.e. odorant-gated) channel allowing influx of cations. 

A third possibility is that insect olfactory receptors are indeed ionotropic, but their 

activation leads to the subsequent activation of G-proteins triggering second messenger 

pathways (Nakagawa and Vosshall 2009, Wicher et al. 2008). Regardless of the receptor 

mechanism, the ligand (the odor molecule) has triggered the production of an electrical 

signal and will be then degraded enzymatically. 

Along with olfactory receptors, olfactory receptor neurons may express other 

receptor proteins such as the Drosophila proteins Gr21a and Gr63a, which together are 

necessary for detecting carbon dioxide emitted by environmental sources such as ripening 

fruit (Jones et al. 2006).  Orthologous receptors in mosquitos allow them to detect 

vertebrate hosts that emit carbon dioxide. Other receptor proteins expressed in insect 
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antennae include hygroreceptors such as the Drosophila transient receptor potential 

channels water witch, which detects moist air, and nanchung, which detects dry air (Liu 

et al. 2007).  Furthermore, a class of olfactory receptor neurons not expressing ligand-

binding olfactory receptors has been identified as expressing ionotropic receptors. This 

receptor type, which is evolutionarily conserved across Metazoa, may detect other 

chemical properties in the environment, such as soil acidity, for example (Benton et al. 

2009). In crustaceans, where no ligand–binding olfactory receptor has yet been identified, 

ionotropic receptors are likely to be the norm (see Corey et al. 2013). 

 

Olfactory Receptor Neuron Innervation in the Brain. 

In insects, each olfactory receptor neuron expresses only a single olfactory receptor 

protein, along with the ubiquitous co-receptor Orco. This relationship implies that there 

should always be as many functionally distinct types of olfactory receptor neurons as 

there are olfactory receptor proteins and their executive genes. During post-embryonic 

development, each olfactory receptor neuron projects its axons down the shaft of the 

antenna to the antennal lobe, which is situated in the second segment of the central brain, 

the deutocerebrum.  Similar to the organization of the vertebrate olfactory bulb, the insect 

antennal lobe is organized as an arrangement of roughly ball-shaped units called olfactory 

glomeruli.  Indeed, this organization is likely to be very ancient because of its presence in 

Onychophora, the one surviving lobopod taxon (Strausfeld et al. 2006).  

In all arthropods that possess the sense of smell, olfactory glomeruli occur in whatever 

segment is equipped with chemoreceptive sensory neurons, providing axons to olfactory 

neuropils of varying complexity (Fig. 4A-E). In Onychophora, for example, glomeruli are 
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clustered anterior to the protocerebrum in neuropil specific to the frontal appendage (Fig. 

4A). Contrast is offered by scorpions where olfactory glomeruli occur in the last 

opisthosomal segments, mainly at the level of the 4th leg pair neuromere with a single 

large anterior glomerulus at the neuromere of the 3rd walking leg (Wolf 2008). These 

glomeruli receive the terminals of olfactory receptor neurons arranged as rows on the 

pectens, modified appendages posterior to the genitalia.  

On insect antennae, olfactory receptor neurons expressing the same olfactory 

receptor protein project their axons to the same glomerulus, into which axons divide to 

form a tangle of presynaptic terminals (Galizia and Rössler 2010, Fig. 4F). Each 

glomerulus is invaded by the dendritic fields of two or several (depending on the species) 

relay neurons, usually referred to as projection neurons. Projection neurons conduct 

information centrally from the antennal lobe to distribute to a variety of protocerebral 

targets, including the mushroom body calyces and lateral horn (Kanzaki et al. 1989, 

Galizia and Roessler 2010). 

The second class of neurons in the antennal lobe consists of local neurons (Fig. 

4I) of which there may be many hundreds. The antennal lobes also receive terminals of 

neurons that carry the modulatory peptide dopamine into them from the brain (Dacks et 

al. 2012). Local interneurons in the antennal lobes comprise several morphological types. 

Those with an obvious functional polarity have dendrites in one glomerulus and terminals 

extending to others. Amacrine or anaxonal neurons have diffuse processes that invade 

most, sometimes all glomeruli to provide local circuits within them or universal 

modulation throughout the lobe. In some species there may be hundreds of such local 

neurons. Olfactory receptor neuron terminals within a glomerulus converge onto 
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projection neurons whose dendritic fields are contained within that glomerulus. However, 

there are also projection neurons whose dendritic fields visit multiple glomeruli (Marin et 

al. 2002, Schachtner et al. 2005, Lai et al. 2008). 

Synaptic relationships in a glomerulus are elaborate, with olfactory receptor 

terminals presynaptic to projection neuron dendrites as well as local interneurons that 

provide feed-forward connections to projection neurons and lateral synaptic interactions 

within and between glomeruli. These arrangements provide the basis for inter-glomerular 

excitation and inhibition, to provide sharpening or broadening of projection neuron 

responses to odorants (Martin et al. 2001). Essentially, such connections correspond to 

those described for neurons composing glomeruli in the mammalian olfactory bulb 

(Hildebrand and Shepherd 1997).  

The axons of projection neurons form tracts or bundles that connect the antennal 

lobes to higher-order brain structures, the most prominent being the mushroom body 

calyx (Fig. 4C) and a superior protocerebral neuropil lateral to it called the lateral horn 

(Strausfeld 1976, Boeckh and Tolbert 1993, Marin et al. 2002, Galizia and Rössler 2010).  

Clonal analysis of antennal lobe stem cell progeny has further resolved additional 

projections from the antennal lobe, including those of multiglomerular projection 

neurons, to a variety of other neuropils (Lai et al. 2008). In some brachyceran Diptera, 

the antennal lobes on each side of the brain are connected by interneurons as well as the 

axons of certain olfactory receptor neurons, the terminals of which invade mirror 

symmetric glomeruli. In insects, axons of projection neurons belonging to the most 

prominent output tract, the antennal glomerular tract, exclusively connect the ipsilateral 

antennal lobe to the ipsilateral mushroom body.  In malacostracan crustaceans, including 
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remipedes, with one exception (see mushroom bodies, page XXX), axons from the 

antennular lobes bifurcate immediately rostral to the central complex and send axon 

collaterals to both ipsi- and contralateral hemiellipsoid bodies (Fig. 1), which neural 

cladistics and neuroanatomical observations resolve as the crustacean homologues of the 

insect mushroom bodies (Wolff et al. 2012, Wolff and Strausfeld, 2014). 

 The diversity of morphologies of local interneurons in an antennal lobe reflects the 

elaborate synaptic connections at different levels within glomeruli. Local interneurons 

may be inhibitory, excitatory or modulatory. The additional expression of various 

biogenic amines or peptides suggests that these modulators expand the computational 

capability of the lobes (Carlsson et al. 2010). The multiformity of local interneuron types 

and their modulatory repertoires suggest that the antennal lobes do not merely encode 

odor identities and pass this information to higher centers, but rather perform complex 

computations that relate to the transformation of primary sensory inputs to outputs 

integrating gain control, encoding the frequency of odorant delivery, odorant 

concentrations, gradients, and context-dependent valence (Christensen and Hildebrand 

1988, Sachse and Galizia 2003, Gomez-Marin 2010, Martin et al. 2011, Knaden and 

Hansson 2014). 

 

Glomerular Response Patterns. 

Within an insect species, olfactory glomeruli are stereotypical in number, and each 

glomerulus, identifiable by the olfactory receptor gene expressed by its afferent olfactory 

receptor neurons, occupies a stereotypical position in the antennal lobe (compare chapter 

48). The conserved identity and address of each glomerulus allows researchers to present 
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animals with odorants or odorant blends and reliably map glomerular responses (Couto et 

al. 2005). Depolarization of cells within each glomerulus may be detected 

electrophysiologically or optogenetically using calcium indicators (Wang et al. 2003, 

Fishilevich and Vosshall 2005).  

In Drosophila melanogaster, each olfactory glomerulus has been uniquely 

identified and named in relation to its corresponding set of olfactory receptor neurons in 

the antenna (Vosshall et al. 1999, 2000, Couto et al. 2005), and extensively studied with 

respect to its response to various synthetic or natural odorants.  For example, the 

chemical hexane is known to evoke a response in glomerulus VA3 because all olfactory 

receptor neurons whose axons terminate in that glomerulus express the olfactory receptor 

Or67b, which binds hexane.  However, because odorant receptors may bind a range of 

odor molecules and the ranges of these receptors may overlap, hexane will also bind to 

receptor Or88a, depolarizing olfactory receptor neurons terminating in glomerulus VA1d 

(Fishilevich and Vosshall 2005).  The result is an odortypic map, or a pattern of 

glomeruli that respond to a given odorant, as demonstrated in the honeybee (Galizia and 

Menzel 2000).  This pattern becomes more complex upon presentation of a more 

biologically relevant odor blend, which will recruit inter-glomerular inhibition and 

excitation, with the resulting odortypic map encoding an odor object, such as the scent of 

an ecologically relevant flower (Riffel et al. 2009, 2014). 

Complexity of odor representation in the antennal lobe is compounded by the fact 

that odors are not presented one at a time in an insect’s natural environment. A fruit fly 

targeting the scent of a banana near a park bench must discriminate the relevant odorants 

signaling banana among a background of plant volatiles, animal emissions, and 
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environmental pollutants. Indeed, studies on the representation of volatiles from the 

Datura flower in the moth Manduca sexta demonstrate that background volatiles 

interfere with this representation and can decrease flower-locating behavior (Riffell et al. 

2014).  This interference is caused by changes in levels of excitation and inhibition in the 

antennal lobes mediated by local interneurons and can be reproduced by injecting the 

moths with GABA-receptor antagonists. 

 

Sexual Dimorphism of Antennal Lobes. 

Besides the olfactory receptors that bind odorant molecules from environmental sources, 

there also exist pheromone receptors that have evolved to detect odorants emitted by 

conspecifics as well as kairomones that are attractive to other species. In social insects, 

pheromone receptors may bind molecules used for social communication. But more 

universally, pheromone receptors are expressed dimorphically between male and female 

conspecifics to facilitate mate detection and selection (for review see Hildebrand 1995).  

Antennal sexual dimorphism endows the males of a species with enormous sensitivity to 

the female pheromones.  The male silkworm, Bombyx mori for example, has specialized 

plume-like antennae, significantly larger than their female counterparts and with 

expression of pheromone component receptor proteins in hundreds of thousands of 

olfactory receptor neurons thereby allowing the detection of extremely low 

concentrations of the female pheromone (Kaissling and Priesner 1970).   

The number of olfactory receptor neurons responding to female pheromone is 

reflected in the morphology of glomeruli in the male’s antennal lobes. Typically, 

olfactory receptor neurons responding to female pheromones terminate in enlarged male-
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specific glomeruli comprising what is termed the macroglomerular complex. In 

Lepidoptera, this consists usually of four enlarged glomeruli, each providing its own set 

of projection neurons. In the male cockroach Periplaneta americana, there is one 

enormous macroglomerulus in which pheromone-sensitive receptor terminals map 

topographically from the antenna, and from which projection neurons extend to the 

calyces and into a male-specific territory of the lateral protocerebrum (Strausfeld and Li 

1999, Nishino and Mizunami 2006). 

In species such as the moth, Manduca sexta, whose females produce a blend of 

pheromone molecules, the males possess as many sex-specific glomeruli as there are 

blend components, with projection neurons in each glomerulus narrowly tuned to one 

specific component or responding to a species-appropriate mixture of more than one 

component (Heinbockel et al. 1999, 2004). Interactions also occur between “ordinary” 

glomeruli that encode plant volatiles and sex-specific glomeruli (Heinbockel et al. 2013). 

Such interactions are manifested by local interneurons that link the macroglomerular 

complex with ordinary sex-unspecific glomeruli. The conjecture here is that the selection 

of a female by a male moth may be promoted if the pheromone is detected in the context 

of the plant volatile that relates to an egg-laying substrate. 

 

Comparisons Across Taxa. 

The organization wherein olfactory receptor neurons expressing the same receptor 

proteins terminate in the same glomerulus has led to the general principle that the number 

of olfactory receptor genes in an insect species’ genome corresponds to the number of 

functional types of olfactory receptor neurons, as demonstrated by the studies in honey 
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bees showing expansion of that part of the chromosome expressing olfactory protein-

encoding genes  (Robertson and Wanner 2006).  Therefore, comparing antennal lobe 

organization across insect species can provide information regarding the number of 

odorants that each species may discriminate.  While Drosophila melanogaster has 43 

olfactory glomeruli (see chapter 48), the honeybee Apis mellifera has approximately 160 

(Galizia et al. 1999), whereas the parasitic pigeon louse Columbicola columbae, whose 

ecology is understandably constrained, has just three (Crespo and Vickers 2012).  

Within social hymenopterans that exhibit division of labor among workers, 

glomerular numbers may vary.  This is illustrated by the leafcutter ant, Atta 

vollenweideri, whose workers develop polymorphically into a large and a small group.  

While the small workers have around 390 olfactory glomeruli, the large workers have 

around 440 significantly larger glomeruli and correspondingly, more olfactory receptor 

neurons. Unsurprisingly, the larger workers with more olfactory glomeruli are the 

primary foragers for the ant colony, indicating that development of a more elaborate 

antennal lobe is indicative of behaviors that require broader olfactory discrimination 

(Kelber et al. 2010). This developmental divergence may recapitulate evolution of 

additional glomeruli within antennal lobes across species. 

In orthopteran insects, such as crickets and grasshoppers, basal taxa such as the 

cricket Tettigonia viridissima have morphologically distinct glomeruli equipped with 

uniglomerular projection neurons, the number of which is comparable to that in 

Drosophila.  However, more recently evolved acridid species have increased glomerular 

numbers in the hundreds or thousands (Fig. 4D). When mature, the locust Schistocerca 

gregaria has approximately 2,500 tiny olfactory glomeruli arranged approximately as 
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two concentric clusters – a core and shell – that increase in girth at each instar (Anton et 

al. 2002). However, in this species, as in many related acridids, the antennal lobe 

projection neurons have unusual morphologies in that their dendritic branches extend to 

dozens of glomeruli.  In the locust, olfactory receptor neurons defy the usual convention 

of targeting the same glomerulus and instead target multiple glomeruli (Ignell et al. 2001, 

Hansson and Stensmyr 2011). This also occurs in malacostracans where projection 

neurons have elaborately branching dendritic fields. The arrangement in locusts suggests 

an interesting example of evolutionary convergence that may relate to locusts and certain 

brachyuran crustaceans being gustatory generalists that are attracted to almost any 

digestible substrate (Strausfeld 2012). 

What is the driving force underlying the evolution of expanded olfactory receptor 

repertoires and thus receptor protein genes; and what environmental pressures drive such 

divergence? Unless a species is locked in to one specific host (as is the pigeon louse 

mentioned above), most insects rely on the detection of volatiles that signal a range of 

plants for feeding or ovoposition.  Consequently, if ecological shifts change plant 

availability or contribution to alterations of fitness, there will be selective pressure to 

evolve olfactory receptors that bind odorant molecules emitted by potentially novel host 

plants. Evidence in the genome of the pea aphid, Acyrthosiphon pisum suggests that 

specialization on host plants or host plant switching can drive positive selection for 

olfactory receptor gene duplication and divergence (Smadja et al. 2009). However, 

limiting feeding to only one or a few food sources may also result in loss of receptor 

genes not relevant to host localization.  The tsetse fly, Glossina morsitans morsitans for 

instance, has adapted to feeding only on the blood of vertebrate hosts.  It has lost many of 
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the odorant receptor genes found in more generalist insect species, while gene families 

encoding odorant receptors relevant to detecting vertebrate animals have expanded 

(Obiero et al. 2014).  

 

4. OPTIC LOBES AND VISUAL SYSTEM 

As are crustaceans, insects are equipped with paired compound eyes. Like malacostracan 

crustaceans, the underlying optic lobes of insects are typified by four nested visual 

centers that belong to the first segment of the brain, the protocerebrum. These neuropils 

are, from distal to proximal: the lamina, medulla, lobula, and lobula plate (the last two 

together termed the lobula complex). Each neuropil is composed of columnar ensembles 

of neurons, each ensemble representing a single visual unit, which in most species is 

composed of a set of eight or nine photoreceptor neurons housed in a cellular 

compartment called an ommatidium. Together, each set of photoreceptors samples a 

single area in space (see Franceschini 1975). The central representation of visual units is 

mapped through successive optic lobe neuropils. The stereotypic organization of these 

maps _-retinotopic mosaics - is concisely summarized in Braitenberg (1970).  

In apposition eyes, considered the evolutionarily ancestral type (Nilsson 1989), 

each ommatidium is capped by a cuticular lens surmounting a crystalline cone secreted 

by four cone cells (hence the appellation “tetraconate” to denote the clade 

Insecta+”Crustacea”). Together, the lens and cone focus light onto the tips of the 

photoreceptors’ light-absorbing rhabdomeres. These are usually fused down the center of 

the ommatidium where they comprise its “rhabdom.” In superposition eyes, where 

rhabdoms reach only partway towards the cone, the size of the sampled visual field by 
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any rhabdom depends on the degree to which pigment isolates its overlying lens and cone 

from those adjacent to it, a dynamic adjustment that responds to changes in ambient light 

intensity (see: Nilsson 1989). Diptera are a strange exception because photoreceptors 

beneath each lens may have divergent optical axes, a feature pronounced in 

cyclorrhaphan flies (see: Kirschfeld 1973). In such “neural superposition” retinas, axons 

of photoreceptors sampling the same point in space, but distributed in different 

ommatidia, converge in the lamina at structures called optic cartridges (columns). These 

exceptional arrangements have evolved from the ancestral apposition condition in which 

all the photoreceptors beneath a facet view the same point in space (see Shaw 1989). 

Separate rhabdomeres also typify certain hemipterans (Walcott 1971, Ioannides and 

Horridge 1975).  

Short photoreceptor neuron terminals provide inputs to retinotopic neurons in the 

lamina, called monopolar cells whose axons extend to the medulla where they synapse 

onto columnar relay neurons that project proximally through successive synaptic strata. 

These are composed of amacrine cells (neurons without axons), tangentially arranged 

dendrites and terminals of interneurons, and other columnar relays. Amacrines and 

interneurons in each stratum provide local circuits within and amongst neighboring 

columns as well as connections between remote columns. Together, many different 

shapes and arrangement of neurons define an extremely elaborate system of successive 

neural networks, the first descriptions of which, by Cajal and Sanchez (1915) have since 

been the focus of numerous studies culminating in serial electron microscopic 

reconstructions through the depths of the lamina and medulla (Meinertzhagen and Sorra 
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2001, Takemura et al. 2013) relying on the detailed single cell impregnations published 

by Fischbach and Dittrich in 1989. 

 

The Nature of the Retinal Input.  

As in malacostracan crustaceans, the insect compound eye is equipped with two kinds of 

photoreceptor neurons: short- and long-axoned receptors, of which the former terminate 

in the lamina, the latter in outer strata of the medulla (Strausfeld and Nässel 1981). In 

insects, each ommatidium is equipped with, six “short” photoreceptor neurons referred to 

as R1-R6. Studies on Drosophila show their light-absorbing rhabdomeres to uniformly 

express blue-green sensitive rhodopsin (Rister and Desplan 2011). R1-R6 receptors are 

generally considered to contribute to achromatic pathways. Each ommatidium also 

contains a pair of “long-axoned” photoreceptor cells referred to as R7 and R8. In species 

of butterflies and Hymenoptera there can be a ninth photoreceptor arising from 

duplication of the R7 precursor (Arikawa and Stavenga 1997, Friedrich et al. 2011). 

Across Insecta, the relative dispositions of photoreceptors within an ommatidium are 

highly conserved; for example, the paired R7 and R8 photoreceptors generally have their 

rhabdomeres stacked, R7 on top of R8, except in coleopterans (Friedrich et al. 2011).  

Studies on Drosophila have shown that R7 can be equipped with one of two 

rhodopsins, both sensitive to light in the ultraviolet range. With one exception (see 

below) R8 receptors are equipped with one of two types of rhodopsin to provide blue- or 

green-sensitive channels. Together, these arrangements provide three chromatic channels 

carried by R7 and R8 axons to the medulla (Rister and Desplan 2011). In diurnal species, 

R7 and R8 operate at higher light intensities, whereas the R1-R6 receptors operate over a 
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wide scotopic and photopic intensity range (Anderson and Laughlin 2000). Consequently, 

the R1-R6 and R7/R8 systems are sometimes compared to vertebrate rods and cones. 

However, this analogy is somewhat awkward because nocturnal bees and hummingbird 

hawk moths can discriminate color patterns very well indeed at extremely low light 

intensities (Kelber et al. 2012; Warrant et al. 2014). 

 

Parallel Pathways Reconstruct Different Classes of Visual Cues.  

Relays from the compound eye segregate into three main and one specialized pathway 

(Fig. 5), all of which function in parallel (Douglass and Strausfeld 2003a). One 

exclusively achromatic pathway connects the retina to the lobula plate (Figs. 5A, 6B). 

This channel is composed of neurons that compute the direction of motion across the 

retina. A second pathway comprises substantial numbers of both chromatic and 

achromatic relays to the lobula (Figs. 5B, 6B). A third pathway, which is mainly 

achromatic but has a small number of color-encoding neurons, supplies the whole lobula 

complex (Fig. 5C). A fourth channel originates from a narrow marginal zone of the retina 

populated by polarized-light-sensitive R7 and R8 photoreceptors. This pathway relays 

information centrally via a small satellite neuropil of the medulla, providing inputs to 

descending neurons and, via several intermediate relays, inputs to the central complex 

(see page XXX). Polarized-light-sensitive R7 and R8 photoreceptors at the dorsal eye 

margin (or ventral margin in insects that detect water-reflected polarization) are typified 

by the parallel arrangement of their microvilli and their UV sensitivity (Schwind 1991, 

Labhart et al. 2001, Schmeling et al. 2014, see also chapter 49). 
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The First Pathway: Integrated Visual Motion Information to the Lobula Plate. 

Developmentally, the lobula plate can adopt two possible locations: disposed above the 

lobula as in Diptera, Coleoptera, and Lepidoptera (Fig. 6A), or contiguous with and 

beneath the lobula as in most other insect orders (Strausfeld 2005). Where there has been 

an evolved reduction of the compound eye to just a few ommatidia, as in Thysanura, the 

lobula complex is absent or vestigial. It is also absent in the imagos of ambush-predating 

coleopterans, the larvae of which possess a precociously developed lobula plate that 

serves the larval eyes (stemmata) and is used to detect visual motion of prey. When the 

larval eyes in those coleopterans degenerate during pupation, so do afferents to the lobula 

plate and subsequently the lobula plate itself, leaving the imago with only a lobula, as in 

tiger beetles and whirligig beetles (Strausfeld 2005, Lin and Strausfeld 2013).  

Irrespective of whether it is separate from the lobula or beneath it, the lobula plate 

is characterized by large tangentially organized neurons whose dendrites are arranged as 

layers, each of which receives retinotopic inputs from neurons, called bushy T-cells, 

representing small discrete areas of the retina (Strausfeld and Lee 1991). Lobula plate 

tangential cells serve two basic functions. Those with axons extending between the left 

and right optic lobes integrate binocularly perceived motion (Hausen and Egelhaaf 1999). 

Those whose axons terminate on ipsilateral descending neurons projecting to thoracic 

ganglia relay information to motor circuits controlling direct and indirect flight muscles 

(Garcia-Bellido et al. 2013). 

 A storied history of electrophysiological research has demonstrated the role of lobula 

plate tangential cells in encoding the direction of visual motion across the retina, and 

hence their importance in providing downstream flight motor centers with information 
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about visual flow fields. Lobula plate tangential cells are thus crucial in maintaining 

visual balance during flight. Their motion-encoding properties were first discovered in 

the early 1960s in the brains of sphingid moths, using relatively crude steel electrodes, 

the passage of which could be resolved post mortem histologically (Collett and Blest 

1966). From the 1970s on, sharp glass intracellular electrodes filled with fluorescent dye 

enabled the histological identification of these neurons such that their dendritic 

organization could be precisely matched to the directions of visual motion across the 

retina (Hausen and Egelhaaf 1989, Krapp et al. 1998). Optical recordings of lobula plate 

tangential cells in Drosophila have afforded real-time visualization of dynamic activity 

within their dendrites in response to moving stimuli, as well as interactions amongst 

tangential neurons as they integrate incoming motion-dependent signals (Egelhaaf et al. 

1993, Haag and Borst 2002). 

Between 1994 and 2007, intracellular studies on medulla interneurons of 

blowflies (Phaenicia serricata) identified principal retinotopic players involved in 

motion computation (e.g., Douglass and Strausfeld 1995). These consist of a succession 

of small retinotopic neurons relaying information from the R1-R6 photoreceptors to the 

dendrites of small retinotopic neurons known as “bushy T-cells” because of their dense 

bush-like dendritic trees (reviewed in Strausfeld 2012). Bushy T-cells, also known as T4 

and T5 cells (Strausfeld 1970) in each column are arranged as quartets with their 

dendrites extending across three or four neighboring retinotopic columns along each 

orthogonal axis of the retinotopic mosaic (Strausfeld and Lee 1991). Quartets of bushy T-

cells occur at two levels, T4 cells at the innermost stratum of the medulla and T5 cells at 

a superficial stratum of the lobula.  
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The primary inputs to bushy T-cells have been identified across a broad range of 

dipteran species (Buschbeck and Strausfeld 1996) and recorded from in the blowfly 

Phaenicia serricata (Douglass and Strausfeld 1995). Each medulla column contains a 

cohort of small-field retinotopic neurons, called transmedullary cells, the dendrites of 

which are visited by the terminals of first-order relay neurons from the lamina. These are 

the “L1” and “L2” monopolar cells, which are postsynaptic to the R1-R6 photoreceptor 

terminals in the lamina (Boschek 1971, Meinertzhagen and O’Neil 1991). In the fly 

Calliphora erythrocephala, the endings of monopolar cells in the medulla are enwrapped 

by the dendrites of one neuron of a transmedullary cohort called iTm (alternatively called 

SUB) that terminates amongst the dendrites of T4 cells in the innermost stratum of the 

medulla (Figs. 5A, 6D). The terminals of L2 monopolar cells are also enwrapped, but by 

a second transmedullary cell called Tm1 that terminates on the dendrites of T5 cells in 

the outermost stratum of the lobula. The prediction was that this ground pattern 

arrangement of medullary columnar neurons, seen across Diptera, comprises the 

fundamental elements of the motion-detection circuit (Buschbeck and Strausfeld 1996). It 

also supported a study that had used activity-dependent uptake of tritiated deoxyglucose 

to resolve two functionally and anatomically distinct pathways involved in motion 

computation (Bausenwein et al. 1992). Subsequently, T5 neurons in the dipteran 

Phaenicia serricata were shown to encode directional visual motion, whereas T4 cells 

were, puzzlingly, only weakly directionally selective, if at all (Douglass and Strausfeld 

1995, 1996). Subsequent studies (see below) have since resolved this enigma, at least in 

Drosophila.  
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Chemical neuroanatomy, employing antisera against transmitter substances, 

resolved the convergence of an excitatory (Tm1) and a GABAergic (inhibitory) 

transmedullary neuron (Tm5) onto T5 dendrites and a system of GABAergic amacrine 

cells at that level (Sinakevitch and Strausfeld 2008). Together, these arrangements 

conspired to provide one plausible motion-detecting circuit, the outputs of which 

conformed to functional studies of motion-dependent responses (Higgins et al. 2004). 

Optogenetic studies of the fruit fly visual system have confirmed that T5 cells and 

the inputs described above are one site of elementary motion computation, but so are T4 

cells and their retinotopic inputs Mi1 (=iTm; Drosophila researchers use different 

terminology). The vexing question as to why there are always two sets of bushy T-cell 

quartets has now been resolved using GAL4 drivers of calcium-sensitive dyes to enable 

optical recordings from these neurons. The answer originates at the level of the lamina 

where L1 monopolar cells respond to luminance increase, whereas L2 monopolar cells 

respond to luminance decrease (Joesch et al. 2013). This information is separately 

transmitted to Mi1 neurons (= Phaenicia iTm) terminating on T4 cells, which respond to 

a moving bright edge (ON-edge) across their receptive fields, and to Tm1 neurons 

supplying T5 cells that respond to the movement of a dark edge (OFF-edge; Maisak et al. 

2013, Behnia et al. 2014). In providing separate information about light increase and light 

decrease, these two medulla channels correspond to ON and OFF ganglion cell channels 

of the vertebrate retina (Joesch et al. 2013).  Parenthetically, amongst studies that 

provided much of the earlier groundwork in insect vision one, published in 1986, already 

identified separate ON and OFF elementary motion detecting units in Musca domestica. 

Presciently, the authors of that study proposed that the logical organization of a motion-
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detecting system had to include separation of ON and OFF motion detectors 

(Franceschini et al. 1986).  

The supply by bushy T-cells of terminals into functionally discrete layers in the 

lobula plate was identified in the fly Calliphora erythrocephala where T4 and T5 cells 

segregated their endings to coincide with the functional layers of tangential cells that 

respond, respectively, to regressive or progressive horizontal motion and upward or 

downward vertical motion (Strausfeld and Lee 1991). This functional segregation was 

initially recognized earlier using tritiated deoxyglucose uptake by active neurons during 

sustained stimulation with moving gratings across the retina in four directions (Buchner 

et al. 1984, Bausenwein and Fischbach 1992). Thirty years later, genetic tools can now be 

used to optogenetically resolve the responses of T4 and T5 cells to moving gratings, to 

confirm in Drosophila those earlier suggestions that each member of a quartet of bushy 

T-cells should encode the direction of motion along each axis of the retinotopic mosaic 

(Maisak et al. 2013). 

Neuroanatomy using selective silver impregnation (Cajal and Sanchez 1915, 

Strausfeld 1976, Fischbach and Dittrich 1989, Sinakevitch and Strausfeld 2004), and 

nowadays using GAL4 lines to resolve clonally related neurons, provides crucial search 

images for reconstructing profiles obtained from ultrathin serial sections for electron 

microscopy. This extremely costly strategy – known as connectomics – of reconstructing 

absolutely everything has resolved most of the synaptic connections within and between 

adjacent columns thereby identifying one possible system of connections that underlie 

directional motion computation (Takemura et al. 2013). However, whether this is the 

“actual” connectivity for motion-detection per se is unknown.  
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At the time of writing, connectomics has not yet proven to be the panacea for 

obtaining complete functional connections. As yet there are no reliable indicators for 

determining synaptic strengths, distinguishing inhibitory from excitatory connections, or 

identifying modulatory pathways. As shown for both insects and crustaceans, the optic 

lobes contain vast numbers of neurons expressing the inhibitory transmitter GABA 

(Sinakevitch et al. 2003). That neuromodulators are crucial to understanding how the 

visual system – or for that matter any part of the central nervous system – works is 

demonstrated by the extensive distribution of neuromodulators in the brain and optic 

lobes (Nässel 1989, see also, Nässel and Homberg 2006), such as octopamine 

(Sinakevitch and Strausfeld 2006), and the established role of this peptide in modulating 

visual processing by optic lobe neurons during visually guided flight (Suver et al. 2012). 

Nor can the considerable understanding of motion-computing circuits yet 

enlighten questions that address the occurrence of evolutionary adaptations that have 

evolved to match the varieties of optic lobe organizations to visual ecologies. Even at the 

level of the lamina, the connections of which are well known in houseflies and fruit flies 

(reviewed in Strausfeld 2012), there remains the question as to what degree those 

arrangements have diverged from an ancestral ground pattern in which circuits for motion 

detection and figure-ground perception might have been the earliest to have evolved. One 

example of recent divergence is exemplified in hymenopterans that operate at scotopic 

intensities, in which spatial summation and contrast enhancement are at a premium for 

pattern recognition. Comparing these monopolar cells with those in diurnal species, such 

as honey bees, demonstrates that they have diverged considerably from an ancestral 

morphology (Ribi 1976, Greiner 2006). 
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The Second Pathway: Medulla Outputs to the Lobula.  

The achromatic retinotopic pathway supplying the lobula plate is a fast conduction 

pathway comprising just a few neurons arranged in series and involving few synaptic 

delays. Such direct connections are revealed after retinal ablation, which results in a fast 

reactive cascade of trans-synaptic degeneration leading to pronounced deterioration of the 

lobula plate, while the lobula remains unchanged. That the lobula retains its integrity over 

the same time course suggests that this is due to activity of the many synaptic 

connections amongst medulla neurons supplying the lobula  (Strausfeld and Lee 1991).  

Numerous morphological types of retinotopic neurons from the medulla supply 

the lobula.  For Musca domestica roughly 40 morphologically distinct cell types go to the 

lobula alone. As an approximation, each cell type is represented in each medulla column, 

although a few are known to be more scattered (Strausfeld 1976). Homologues of 

medulla neuron morphologies recognized in the larger flies have been identified in 

Drosophila (Fischbach and Dittrich 1989) as well as in honey bees, although there is far 

less variety of morphologies in that species (see Cajal and Sanchez 1915, Ribi and Scheel 

1981). In Drosophila, genetic methods used to resolve medulla neurons labeled with 

green fluorescent protein show their dendrites aligned with the trichromatic pathway 

represented by terminals of photoreceptor neurons R7 and R8 (Morante and Desplan 

2008), thereby confirming older observations on other Diptera showing that numerous 

transmedullary neurons are likely to receive inputs from R7 and R8 terminals. The axons 

of transmedullary neurons passing through the medulla give rise to collateral dendritic 

processes that coincide with one or more stratified arrangements of amacrine cells and 
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local interneurons that provide local circuitry and long-range interactions across the 

medulla. Feedback neurons extend retrogradely from deeper levels of the medulla to 

more distal ones, some even reaching back out to the lamina (Strausfeld 1976). 

Each cohort of 40 or so columnar neurons is mapped onto the surface of the 

lobula. This is the last level in which the retinal mosaic is reflected as a fine-grain 

representation (Hausen and Strausfeld 1977). Incoming axons from the medulla end at 

various levels in the lobula where their terminal specializations coincide with dendrites of 

lobula efferent (output) neurons. Different morphological types of lobula efferents can be 

recognized by their dendritic branching patterns, their depth in the lobula, and the size 

and shape of their dendritic fields. Each type of lobula efferent is represented by an 

ensemble of identical neurons that are spaced one to every six, nine, or twelve retinotopic 

loci (Strausfeld and Hausen 1977).   

Recordings of lobula inputs from the medulla are thus far extremely rare. 

However, certain transmedullary cells are known to relay information about visual 

motion, but do not appear to respond selectively to motion direction. One exception is a 

T-cell (called T2). Its medulla dendrites coincide with L2 terminals and are intertwined 

by a centrifugal neuron originating from the inner medulla. T2 cells encode directional 

motion, likely using a network involving centrifugal neurons that is different from that 

proposed to underlie responses in T4 and T5 cells (Douglass and Strausfeld 2003b). 

The layered arrangements of amacrine cells, coincident with collaterals from 

transmedullary cells that have their dendrites at R7 and R8 terminals, suggest a high level 

of color-dependent reconstruction of aspects of the insect’s visual world. (see, Strausfeld 

2012). For example, studies of female Drosophila preference for interference patterns 
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reflected from the wings of male conspecifics demonstrate that their visual systems make 

use of hue and color saturation (Katayama et al. 2014). Lepidoptera and Hymenoptera are 

renowned for their ability to recognize color patterns. Their optic lobes are similarly 

organized into three parallel pathways and one can assume that many of their neurons 

from the medulla to the lobula must encode color information. 

Sex-specific Neurons.  

Typically, the collective dendritic trees of any ensemble of columnar efferent neurons in 

the lobula complex subtend the whole monocular visual field. But there are exceptions. In 

species that possess sexually dimorphic eyes, this character is reflected in localized 

organization in the lobula (Fig. 5B). In cyclorrhaphan flies, for example, the male’s high 

acuity zone in the upper front part of the retina is represented in the lobula by localized 

ensembles of columnar neurons, as well as unique tangential neurons (Strausfeld and 

Hausen 1977, Strausfeld 2001). Recordings from neurons belonging to such sex-specific 

ensembles show them to respond to small contrasting targets moving away from or 

towards the visual midline, demonstrating that they detect the direction of flight of a 

contrasting target (Gilbert and Strausfeld 1991). Their responses to visual motion suggest 

they are provided with small-field neurons from the medulla encoding directionally 

selective motion of which there are identified candidates (Douglass and Strausfeld 2007). 

This male-specific system in the lobula outputs to descending neurons that supply motor 

neurons driving direct and indirect flight muscles (Gronenberg and Strausfeld 1991, 

Trischler et al. 2007). 
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The Third Pathway: Retinotopic Inputs Identically Supplying the Lobula and Lobula 

Plate.  

Each retinotopic column in the medulla provides a small number of transmedullary 

neurons called Y-cells that relay what is presumed to be identical information to both the 

lobula and lobula plate. This is achieved because Y-cell axons bifurcate, sending 

branches to corresponding retinotopic positions at the surface of both neuropils (Fig. 5C). 

In species where the lobula plate lies beneath and contiguous with the lobula, 

homologous retinotopic neurons provide unbranched axons to these two neuropils, giving 

off terminal specializations in each.  

 Nineteen morphologically distinct Y-cells have been identified in Musca domestica 

and the same number has been shown for Drosophila melanogaster (Strausfeld 1976, 

Fischbach and Dittrich 1989). Of these, most originate from cell bodies distal to the outer 

surface of the medulla. However, there are interesting species differences of their layer 

relationships in the medulla and the depth of axon penetrations into the lobula and lobula 

plate as well as the location of their cell bodies.  

 Not much is known about what signals are encoded by Y-cells. Intracellular 

recordings from the fly Phaenicia sericata show three morphological types: one 

providing recurrent feedback to the medulla, one encoding progressive horizontal visual 

motion, and one type showing responses to motion acceleration and velocity (Douglass 

and Strausfeld 2007). However, a novel procedure for genetically identifying chromatic 

photoreceptors R7 and R8 with their postsynaptic relays (“tango-tracing”) identifies four 

morphologies of chromatic Y-cells, each retinotopically distributed across the medulla, 
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such that they overlap and likely encode complex color information to both the lobula 

plate and lobula (Jagadish et al. 2014). 

 The terminals of Y-cells visit the dendrites of output neurons that have dendrites in 

both the lobula and lobula plate (Fig. 5C). There are two kinds of these neurons, all of 

which comprise ensembles extending throughout both neuropils. Nine ensembles have 

main trunks that extend from the lobula across to the lobula plate. These neurons give rise 

to two levels of dendrites: deep and extensive trees in the lobula and trees in the lobula 

plate that extends through its layers. These neurons are referred to as lobula plate-lobula 

columnar efferents because their axons project centrally to the lateral protocerebrum from 

the inner face of the lobula. A second type of efferent neuron, termed lobula-lobula plate 

columnar efferents, is represented by four ensembles that send their axons centrally from 

the inner surface of the lobula plate. Their main trunks extend from the lobula plate, 

where they provide one system of dendrites, into the lobula where they provide a 

dendritic tree that cascades through the depth of the lobula (Strausfeld and Gilbert 1992). 

A third class of small-field efferent neurons, comprising two morphological types, 

originates exclusively in the lobula plate, and sends its axons centrally into the dorsal 

protocerebrum. 

 The identification of chromatic information relayed to the lobula plate, long thought 

to be an exclusively achromatic center, suggests that there is much more to this neuropil 

than suggested by its T4 and T5 cell inputs. The requirement for a deeper scrutiny of the 

lobula plate’s functional properties is further amplified by the earlier identification of 

small-field retinotopic output neurons along with the presence of local amacrine cells and 

tangential efferents that encode motion velocity (Douglass and Strausfeld 2007). 
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Possibly, color information may generally modify responses to achromatic motion 

stimuli, although the terminals of Y-cells do not appear to target any specific lobula plate 

tangential cell. 

 

Central Projections from the Lobula Complex: The Optic Glomerular Complex.  

The types of transmedullary neurons supplying the lobula complex far outnumber the 

types of outputs from the lobula complex. The terminals of each species of medulla 

neuron reach a characteristic depth in the lobula, where they presumably synapse onto the 

dendrites of output neurons. Thus, any of these outputs receives convergent information 

carried by parallel afferent channels. As a result, lobula output neurons encode elaborate 

reconstructions of the visual world represented by the information in those channels. In a 

larger fly species, such as Phaenicia sericata, at least 25 morphological types of 

columnar neurons and several wide-field neurons provide as many ensembles of dendritic 

trees, each of which represents a coarsened version of the retinal map (Strausfeld and 

Okamura 2007). The axons of each ensemble converge beneath the lobula and from there 

project as a coherent bundle into a discrete islet of neuropil where they terminate (Fig. 

6C, D). Their retinotopic arrangements are thus lost at this deeper level of the system, 

which shows little evidence of terminal retinotopic mapping. There are as many of these 

islets, termed optic glomeruli, as there are ensembles of lobula columnar neurons 

(Strausfeld 1989, Strausfeld and Okamura 2007). In species such as the blow fly, the 

assembled glomeruli comprise the optic glomerular complex, which occupies a 

substantial volume of the brain’s lateral protocerebrum. The complex is the segmental 

equivalent of the antennal lobe and possesses a corresponding organization of local 
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interneurons and relays, as do other segmentally organized sensory neuropils in the brain 

and segmental ganglia (Strausfeld 2012). Different species of insects have different 

numbers of glomeruli. Honey bees and bumble bees, for example, have relatively few, 

which may be explained by the observation that much of the information required for 

navigation is encoded by their motion-detecting system (Mertes et al. 2014). Blow flies 

or wasps have many more, possibly reflecting their ambulatory behaviors during which 

patterns and features are paramount.  

Unlike the system of lobula plate tangentials (Fig. 6F), the axons of which bypass 

the optic glomerular complex to synapse directly onto descending neurons (Strausfeld 

and Bassemir 1985), the optic glomerular complex is not a simple way-station, in which 

neurons from the lobula complex merely connect to dendrites of relay neurons: neurons 

also connect to the contralateral optic glomerular complex, the superior protocerebrum, 

and descending neurons to thoracic and abdominal ganglia (Fig. 6C). These last 

mentioned neurons respond selectively to a narrow range of visual stimuli, such as a 

moving dark spot against a background, as well as stimuli provided by other sensory 

modalities. Some respond to corresponding modalities: visual flow fields and a stream of 

air given to the front of the head (Rowell and Reichert 1986, Gronenberg and Strausfeld 

1990). 

Recordings from lobula output neurons to optic glomeruli and from descending 

neurons demonstrate that, whereas neurons arriving at an optic glomerulus are relatively 

broadly tuned to, say, the orientation of a downward and leftward moving edge, a 

descending neuron originating from the optic glomerular complex will be much more 

narrowly tuned (Strausfeld et al. 2007). What might be responsible for such differences?  
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The answer is suggested by the presence of many local interneurons that extend amongst 

the glomeruli and which provide the computational substrate for filtering and binding of 

parameters encoded by incoming axons from the lobula, thereby computing yet further 

reconstructions of the insect’s visual ecology (Mu et al. 2012). 

There are unambiguous similarities between neural arrangements in the optic 

glomerular complex and antennal lobe (Fig. 7).  As in the antennal lobe, optic glomeruli 

are connected with each other by diffuse local interneurons that branch throughout the 

complex, and by local interneurons that connect specific glomeruli.  In both systems, a 

glomerulus receives its own specified sensory data. Each glomerulus in the antennal lobe 

receives information from primary receptor neurons that encode discrete features of 

odorant space (see page XX). In the visual system, comparable features are not encoded 

by the receptor layer but are relayed to lobula output neurons after their reconstruction by 

computational networks extending through and across the medulla. Lobula outputs thus 

encode achromatic patterns, chromatic patterns, figure against background information, 

and higher-order visual motion (movement within movement). That parallel channels in 

the medulla perform these reconstructions, which are then conveyed to outputs that 

collate such information, is demonstrated by the simple example of tangential neurons 

extending across the medulla that encode looming and receding visual stimuli (Wicklein 

and Strausfeld 2000). Likewise, it must be systems of chromatic transmedullary neurons 

that compute the required excitatory and inhibitory color channels that enable opponent 

chromatic center-surround responses of columnar neurons in the honey bee lobula (Hertel 

1980). Other computations achieved by the medulla are recognized from recordings of 

lobula columnar neurons visited by transmedullary neurons responding selectively to the 
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orientation of moving edges (Okumura and Strausfeld 2007a, b, Mu et al. 2012). Lobula 

outputs encode complex pattern features (Nordström and O'Carroll 2009) as well as 

information about the separation of features in the visual field (Nordström et al. 2006) 

and second-order motion (Zhang et al. 2013).  

This list of responses is very preliminary. There are as yet few studies on lobula 

outputs. However, as recognized in the olfactory system, for any species of insect there is 

probably a tight relationship between the number of discrete encoded features of a 

sensory space and the number of glomeruli.  This might not be good news for those 

enamored by the apparent visual acumen of honey bees because this taxon has rather few 

optic glomeruli. But the honey bee’s visual system has evolved to match the demands of 

its ecology, which differ from those for a wasp or, for that matter, a fruit fly, both of 

which may have to detect a greater variety of ecologically relevant cues.  

 

Retinotopic Fidelity.  

Unremarked until now has been any mention of axon projections between optic 

neuropils. In insects (and malacostracan crustaceans; see chapter 45) the axons 

connecting one retinotopic neuropil and the next reverse the front-to-back sequence of 

columns (Strausfeld 2005). Axons from each row of columns in the lamina cross each 

other to terminate in reverse order in a corresponding row of columns in the medulla: the 

most anterior columns in the medulla represent the most posterior ommatidia of the eye 

(Fig. 6A). This reversal is again transposed in the lobula: axons from each horizontal row 

of medulla columns project in reverse order into the lobula. Axons from the medulla to 

the lobula plate are uncrossed, as are axons between the lobula plate and lobula. This 
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latter arrangement means that retinotopic loci in both of these deeper neuropils are 

opposite and in register (Braitenberg 1970). These systems of chiasmata greatly puzzled 

Cajal and Sanchez in 1915, but they are likely to have no intrinsic functional significance. 

Rather, they are probably a developmental outcome of two evolutionary novelties, the 

medulla and lobula that likely originate over 515 million years in the past (Strausfeld 

2005, 2012b). 

Optic lobes having three or four nested neuropils are distinct from those in two 

other groups of mandibulate arthropods, which have only two optic neuropils. These are 

the Branchiopoda and scutigeromorph centipedes, the latter being a basal group 

possessing insect-like compound eyes. In both taxa, the lamina is connected by uncrossed 

axons to an inner neuropil, called the tectum, which is equipped with large-field neurons 

like those of the lobula plate of insects. Neurocladistic analysis resolves Branchiopoda as 

a group that, although derived from a malacostracan-like ancestor, has undergone 

evolved reduction and loss of the medulla and lobula (Strausfeld and Andrew 2011). 

Paleontological evidence demonstrates that before the appearance of Branchiopoda in the 

fossil record, stem arthropods with apposition compound eyes possessed optic lobes 

comprising at least three nested centers (Ma et al. 2012). Thus, the ground pattern of the 

optic lobes of insects and malacostracans has persisted for over 515 million years. The 

speculation is that the two-neuropil optic lobes of Scutigera represent the ancestral 

organization that existed before the evolution of the medulla and lobula, with the 

ancestral lobula plate encoding where visual motion occurred in visual space. 

The evolution of a medulla and lobula was likely driven by an increasingly 

complex visual world. Then, as now, the evolved lobula likely served as a neuropil 
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encoding patterned features of an ecology – a “what” neuropil – whereas the lobula plate, 

evolutionarily more ancient, was a neuropil that encoded “where” – the components of 

visual motion and their location in space.  

 

5. MUSHROOM BODIES: MEMORY NEUROPILS 

Like Pavlov’s dog, which learned to associate the sound of a bell with the presentation of 

food, insects also must integrate sensory information from different modalities, and they 

must learn and remember associations. Insects that forage and fly back to their hive must 

memorize spatial cues that provide landmarks for navigating their environment. For 

instance, a honey bee that returns to a remote source of pollen does so having learned an 

association between the UV reflectance pattern of a particular kind of flower with a high 

reward value in the form of pollen or nectar. The insect has a memory of the reward’s 

location in relation to visual landmarks and uses path integration, referencing visual cues, 

to fly from and back to her hive. It is thought that the mushroom bodies are integral to 

these computational processes (Fahrbach and Robinson 1996, Cruse and Wehner 2011, 

Guven-Ozkan and Davis 2014). Nevertheless, historically the great majority of 

experiments on mushroom bodies have focused primarily on their role in olfactory 

memory (see Menzel 2001, Giurfa and Sandoz 2012). Even one of the most attractive and 

concise syntheses, which proposes that the mushroom body “assembles and formats a 

representation of the insect's world” (Stopfer 2014), draws its information almost entirely 

from studies that focus this center’s role in olfactory learning and memory. 

 

Functional Anatomical Organization. 
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Mushroom bodies, named for their superficial resemblance to toadstools, are paired, 

lobed structures situated in the protocerebral segment of the insect brain (Fig. 8A, B).  

The centers are surmounted dorsally by dense clusters (in some insect species hundreds 

of thousands) of extremely small basophilic globuli cell bodies (Farris 2005, Fahrbach 

2006, Strausfeld et al. 2009, Loesel and Heuer 2010). These perikarya provide the 

center’s major population of intrinsic neurons; the Kenyon cells. Each perikaryon extends 

a slender process into a stalk-like structure called the pedunculus that projects ventrally 

through the lateral protocerebrum and then divides into extended lobes composed of 

discrete parallel divisions (Fig. 8C-G). One, the medial lobe, extends lateromedially 

towards the midline. The other, called the vertical lobe, extends rostrally. Kenyon cell 

processes segregate into one or more divisions of these lobes and in so doing define 

different categories of Kenyon cells (Sstrausfeld. 2002, Tanaka et al. 2008). In 

Drosophila melanogaster, the mushroom body lobes are composed of five subdivisions, 

each division displaying a unique combination of Kenyon cell morphologies and protein 

expression (Strausfeld et al. 2003, Tanaka et al. 2008). Comparable heterogeneity has 

also been identified in honey bees and lepidopterans where subsets of Kenyon cells are 

defined by their neuroactive peptides and transmitters (Strausfeld et al. 2000, Sjöholm et 

al. 2006). 

 In many insect species, Kenyon cells give rise to dendritic trees that contribute to 

distal cap- or cup-like neuropils, called calyces (Fig. 8B). Parallel processes into the stalk 

and lobes extend from these dendritic trees to provide the discrete parallel subdivisions 

denoted by their chemical identities (Fig. 8B, F). Mushroom bodies that receive inputs 

carrying several different sensory modalities possess calyces that are subdivided 
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according to each afferent modality.  In hymenopterans such as honey bees, wasps, and 

ants, the calyces are divided into the lip, collar, and basal ring zones (Fig. 8D).  The lip 

receives inputs from the antennal lobe, the collar receives inputs from optic neuropils, 

and the basal ring is supplied by a combination of afferents from both the antennal lobe 

and optic neuropils (Gronenberg 2001). In honey bees, a small intermediate zone between 

the collar and lip receives inputs from gustatory centers (Schröter and Menzel 2003). In 

those insects that possess a zoned calyx, each zone is represented in the lobes by a cohort 

of Kenyon cell processes that comprise a slab-like ensemble when a lobe is viewed in 

cross section (Fig. 8C-G). Each ensemble has its own distinctive relationships with input 

and output neurons (Fig 8C, F). However, Kenyon cell dendrites – and therefore calyces 

– do not contribute to the mushroom body ground pattern; they are absent in species 

belonging to groups such as Ephemeroptera, considered to reside near the base of the 

hexapod lineage (Misof et al. 2014). Nevertheless, slab-like subdivisions formed by 

different types of Kenyon cells are also identified in calyxless taxa; these correspond 

chemically to divisions of the lobes identified in, for example, Diptera (Strausfeld et al. 

2009).  

 Studies on honey bees have resolved further types of intrinsic neurons, the 

processes of which arborize only within the mushroom body but originate from remote 

perikarya. All of these “remote” intrinsic neurons have elaborate branching patterns; in 

honey bees some of great beauty (Strausfeld 2002). Studies on the moth Spodoptera 

littoralis demonstrate that each type of remote intrinsic neuron is defined by the 

distribution of its processes within the mushroom body and by its species of 

neuromodulatory peptide (Sinakevitch et al. 2008). Nor are remote intrinsic neurons 
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sparsely represented. Whereas studies on honey bees have used stochastic methods to 

resolve just a few such neurons, studies of Drosophila employing the expression of green 

fluorescent protein in GAL4 lines resolve 50 such intrinsic neurons in addition to the 

mushroom body’s 2,500 Kenyon cells (Tanaka et al. 2008).  

 Irrespective of species-specific elaborations the features discussed above conform to 

the ground pattern of the insect mushroom body (Fig. 9). The terminals and dendrites of 

afferent (input) and efferent (output) neurons supplying the mushroom body’s pedunculus 

and lobes intersect Kenyon cell processes (Fig. 8B). Recurrent neurons, usually 

GABAergic, with dendrites in the lobes, the pedunculus, or both, provide axons that 

extend from these levels back to more distal parts of the mushroom body, including the 

calyx, if present (Grunewald 1999a, b). Such cells comprise systems of inhibitory 

centrifugal or “feedback” neurons. As demonstrated in cockroaches and locusts, both of 

which are ideal for intracellular recordings,  superior lateral protocerebral regions (the 

lateral horn) also supply GABAergic feedback inputs to the calyces from their dense 

dendritic fields that overlap lateral extensions of of projection neurons both supplying the 

mushroom body calyces or projection neurons that project directly to the lateral horn (Li 

and Strausfeld 1999, Strausfeld and Li 1999, Papadopoulou et al. 2011, Stopfer 2014). 

Feed-forward efferent neurons, which are not GABAergic, have been identified in 

cockroaches that connect territories of the medial lobe to parts of the vertical lobe , then 

extending axons out to the lateral protocerebrum (Li and Strausfeld 1999). Many such 

crucial components of the olfactory pathway identified in species such as the cockroach 

have since been identified and related to functional attributes of the Drosophila 

mushroom body (e.g. Liu and Davis 2009). 
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 Efferents from the mushroom bodies generally project to medial and lateral 

protocerebral areas (Fig. 2C). In Drosophila melanogaster, and probably other species, 

efferents encoding information about learned aversive stimuli extend axons from the 

vertical lobes to the lateral horn, a region receiving direct input from the antennal lobes, 

which is involved in recognizing and driving behaviors in response to repellent olfactory 

stimuli (Wang et al. 2003, Séjourné et al. 2011).  

 In honey bees, efferent neurons from the lobes recorded during conditioning 

experiments show long-term changes in their activity, responding more vigorously to the 

rewarded stimulus (Strube-Bloss et al. 2011). In cockroaches, although the calyx is 

dominated by olfactory inputs, efferent neurons respond to a wide range of sensory 

stimuli, either presented alone or in combination, or their response depends on a 

preceding sensory context.  These include responses to touching the most caudal receptor 

organs (the cerci) or to sound, neither of which is represented in the calyces. However, 

these modalities are relayed to the lobes by anatomically elaborate afferent neurons that 

transmit multisensory information (e.g., pheromone signals, responses to fruit odor, 

luminance increases and touch) from protocerebral neuropils (Li and Strausfeld 1997, 

1999).  

 In Drosophila, about 50 afferent neurons terminate in the lobes (Tanaka et al. 2008). 

Assuming that most of these neurons are equipped with dopamine (Pech et al. 2013) and 

that they convey multisensory information to the lobes, as they do in larger insects, this 

would be consistent with their roles in establishing aversive or appetitive sensory 

associations that persist as short- or long-term memories (Waddel 2013).  

 Except in Acrididae (e.g. locusts), in which efferents and afferents supplying the 
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lobes have a diffuse organization (Fig. 8H), the terminal branches of afferent neurons 

supplying the lobes and the dendritic trees of efferent neurons together occupy tightly 

constrained segment-like territories (Li and Strausfeld 1999, Tanaka et al. 2008). 

Targeted combinatorial expression of genes in Drosophila enabling direct confocal 

visualization of synapses in genetically selected neurons, reveal discrete segment-like 

domains where synaptic interactions occur between dopamine, octopamine and serotonin-

containing neurons onto Kenyon cell processes (Pech et al. 2013). These segment-like 

domains are almost identical to those described from the cockroach using silver 

impregnation and intracellular dye fills (Li and Strausfeld 1999, Strausfeld 2012b). 

Within these domains, processes of Kenyon cells and other intrinsic neurons serve to 

provide local circuits between afferents invading the lobes and efferent neurons 

extending from them to the protocerebrum (see Fig. 9). Immunocytological observations 

on moths and honey bees suggest that additional modulation within these circuits is 

provided by neuroactive peptides contained as co-transmitters in remote intrinsic neurons 

and in Kenyon cells (Strausfeld et al. 2000, Sjöholm et al. 2006, Sinakevitch et al. 2008). 

In anosmic insects, which lack antennal lobes and lack calyces (other than one exception, 

see below), Kenyon cells are devoid of dendrites but nevertheless provide thousands of 

parallel fibers, as do dozens of remote intrinsic neurons that are pre- and postsynaptic to 

extrinsic neurons that terminate in or extend from the lobes (Strausfeld et al. 2009). 

 Clearly the calyx is not a requirement for a functioning mushroom body, and despite 

the many hundreds of papers attributing to this center a role in olfactory learning and 

memory, its full repertoire of attributes has yet to be discovered. As discussed later in this 

section, one such role may pertain to the ability of an insect to remember place and to 
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navigate to and from it. If, as Stopfer (2014) suggests, the mushroom bodies format a 

representation of the species’ world, then where the insect is in that world should be an 

integral part of that representation. Possibly, the possession of so many modulatory 

elements may be an indication that the mushroom body can support in parallel a number 

of memory functions relating to a variety of sensory cues and behavioral tasks.  

 There is, as yet, no evidence for direct connections between the mushroom bodies 

and the other canonical protocerebral system, the central complex. Afferents from the 

mushroom bodies contribute to elaborate networks in the intermediate and medial 

superior protocerebrum, which are themselves connected by elaborate relay neurons and 

that possess an abundance of local interneurons. The final stage of any pathway from the 

mushroom bodies to the central complex is by neurons that have their dendritic trees in 

the medial superior protocerebral lobes and endings that extend at various levels across 

the fan-shaped body (Phillips-Portillo 2012, Phillips-Portillo and Strausfeld 2102).  

 

Mushroom Body Development. 

The intrinsic composition of the mushroom is best appreciated with reference to the 

generation of its Kenyon cells. However, it helps to first briefly review their organization 

in the adult Drosophila mushroom body with reference to the detailed analysis by Tanaka 

et al. (2008), based on specific GAL4 lines that express green fluorescent proteins in 

clonally related mushroom body subdivisions. 

The mushroom body lobes are subdivided into anterior, medial, and posterior 

planar layers, each with distinct subclasses of Kenyon cells and efferent and afferent 

neurons, very much like those observed in honey bees and cockroaches. The layers are 
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termed the γ, α’/β’ and α/β divisions, named according to the type of Kenyon cell that 

defines them. Further segregation of Kenyon cell processes in the α (belonging to the 

vertical lobe) and β (belonging to the medial lobe) divisions are organized as concentric 

laminae with cell classes ascribed to  “surface”, “posterior”, and “core” domains.  These 

are represented concentrically in the pedunculus, with processes of α-β Kenyon cells 

forming a core enwrapped by the α’-β’ Kenyon cell processes. Processes of γ Kenyon 

cells form the outermost lamination of the pedunculus. 

Kenyon cells, which may range in number from a dozen to several thousand and 

which display diverse morphologies, as well as the mushroom body glial cells, all 

originate from a mere four neuroblasts per hemisegment (Ito et al. 1997). These 

neuroblasts then divide asymmetrically to generate a ganglion mother cell and a new 

neuroblast, the ganglion mother cells then dividing to produce two daughter neurons or a 

neuron and glial cell, this cycle being under genetic control and repeated many times to 

eventually provide the requisite number of neurons and glia (for reviews see: Saini and 

Reichert 2012, Homem and Knoblich 2012). The size of a mushroom body is determined 

by the number of these early divisions (Farris and Strausfeld 2001). The largest 

mushroom bodies occur in predatory parasitic wasps such as Mutillidae (Fig. 8A) where 

they may comprise well over half a million neurons. This contrasts with the paltry 2,500 

Kenyon cells in a Drosophila mushroom body. 

Developmental analysis of Drosophila embryos by Kunz et al. (2012) has 

revealed that the four mushroom body neuroblasts are not derived from one progenitor 

cell that divides symmetrically, but from four different progenitor cells.  In embryonic 

development, the four mushroom body neuroblasts have different gene expression 
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patterns and produce over different time courses both non-intrinsic neurons and one type 

of intrinsic neuron called the type γ Kenyon cells.  Kenyon cells derived from different 

neuroblasts exhibit different time courses in axonal outgrowth to innervate the peduncle, 

lobes, and calyx. Postembryonically, mushroom body neuroblasts change their gene 

expression patterns and become identical in detectable gene expression and the types of 

cell progeny they produce (Ito et al. 1997). The result is four virtually identical clonal 

clusters per hemisegment, thus in the brain eight in total. They possibly represent eight 

functional units across the mushroom bodies that process encoded information in parallel, 

serving to either increase the speed of computation, or possibly reduce signal to noise by 

requiring temporal summation before driving responses of output neurons.  Currently 

unresolved is the developmental mechanism by which four identical clonal units can 

differentiate into all the cell types intrinsic to the mushroom bodies, which are as follows. 

The medial lobe’s γ Kenyon cells are generated first in the embryo. These will form the γ 

divisions of the medial and vertical lobe, with the larval vertical lobe’s γ division 

degenerating during metamorphosis. α’-β’ Kenyon cells are the next to be generated in 

the larva. Their extended processes define two longitudinal subdivisions of the vertical 

(α’) and medial (β’) lobe, respectively. Finally, during the pupal stage, α-β Kenyon cells 

are generated that contribute to the eponymous divisions of the vertical and medial lobes 

(Lee et al. 1999). The very last Kenyon cells to grow into the lobes are the 

a and b Kenyon cells that form the core of the medial lobe’s neurons (abc). It is when the 

activity of specifically these neurons is blocked that appetitive memory is impaired 

(Perisse et al. 2013) thereby revealing that specific functions mediated by subsets of 

Kenyon cells are enabled by interstitial local circuits.   



119 
In Drosophila, as in other species, new Kenyon cell bodies send processes 

through the center of the mushroom body, pushing earlier born cell bodies and their 

processes further peripherally in the cell body cortex and lobes.  In the cockroach 

Periplaneta americana, and in the honey bee, axons of ingrowing Kenyon cells form age-

specific laminae or layers within the lobes (Fig. 8G; see, Farris and Strausfeld 2001).  In 

the cockroach and honey bee, class II Kenyon (clawed) cells, homologues of γ neurons, 

are born and differentiate first, their axons segregating into a distinct γ lobe formed in 

early larval stages (Farris et al. 2004). Class I Kenyon cells, presumed homologues of the 

a, a’ and b, b’ Kenyon cells in Drosophila, are generated during later stages of 

development and have dendritic arbors abundantly decorated with spines. In the 

cockroach, their processes form alternating layers in the lobes, each layer denoted by 

either abundant or sparse numbers of synapses as well as differences in their chemical 

neuroanatomy (Strausfeld and Li 1999, Farris and Strausfeld 2001). At each instar, 

including the adult stage, the very last Kenyon cells comprise a discrete subset, 

equivalent to Drosophila’s abc Kenyon cells. 

 

Functional and Molecular Organization. 

As an insect is presented with olfactory stimuli, representations of odors – the odorant 

blend – are processed in the antennal lobe as population coding:  the activations of 

olfactory receptors in the antennae precipitate responses of combinations of antennal lobe 

glomeruli, and their projection neurons provide afferent input to the Kenyon cells.  Each 

odorant combination (= an odor) triggers sustained activity in a large proportion of the 

total population of projection neurons, propagating oscillatory output to the mushroom 
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bodies (Laurent and Davidowitz 1994, Laurent and Naraghi 1994).  However, in the 

mushroom bodies, this population coding of odor representation is transformed into a 

sparse signal, with few Kenyon cells responding to an olfactory stimulus.  This 

sparsening is in part achieved through feed-forward inhibition of Kenyon cells via 

antennal lobe projection neurons that excite GABAergic neurons in the lateral horn, 

which then send their signals to the mushroom body calyces (Perez-Orive et al. 2002, see 

also: Galizia 2014, Stopfer 2014). Evidence suggests that in the context of oscillations of 

activity and inhibition in the mushroom bodies, Kenyon cells are more likely to propagate 

action potentials when signals from projection neurons phase lock with mushroom body 

oscillations.  This suggests a role for Kenyon cells as coincidence detectors, encoding 

specific odors whose representations do not overlap (Perez-Orive et al. 2002). 

Genetics-driven investigations of the Drosophila mushroom bodies have 

uncovered invaluable information about molecular mechanisms governing those 

structures (Dubnau and Tully 1998, Davis 2005).  Knocking down expression of genes 

that encode specific proteins and observing the resulting behavioral changes can help 

tease apart the functions of the mushroom bodies (Heisenberg 2003).  Furthermore, 

synaptic transmission in subsets of neuronal cells may be genetically blocked by using 

the enhancer-GAL4 system to drive expression of a mutated form of the gene shibire 

(Kitamoto 2001). In olfactory learning paradigms, inducing expression of mutant shibire 

in Kenyon cells significantly decreases performance.  The reversible nature of the shibire 

mutation at different temperatures allows the role of mushroom bodies in learning and 

memory to be studied during different time periods: acquisition (or learning), memory 

storage, and retrieval.  Disrupting synaptic transmission in the mushroom bodies during 
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each of these phases separately reveals the necessity of the mushroom bodies to the 

retrieval phase of learning and memory, but not acquisition or storage (Dubnau et al. 

2001, McGuire et al. 2001). Expression of shibire in the mushroom bodies or their 

chemical ablation also has a significantly adverse effect on sleep in Drosophila, 

suggesting a connection between their role in controlling sleep and memory formation 

(Pitman et al. 2006). 

Knockdown of insect genes vital to the cyclic AMP-signaling pathway also has a 

profound effect on long- or short-term memory formation (Skoulakis et al. 1993, Tully et 

al. 1994, Davis 1993, 2005).  This supports a model where different types of memory, 

including short- and long-term are dependent on molecular signaling cascades that either 

transiently increase synaptic sensitivity or lead to translation of proteins that strengthen a 

synapse over time (Tomchik and Davis 2013). Unconditioned stimulus information is 

signaled by dopaminergic neurons extrinsic to the mushroom bodies. Subsets of these 

cells convey aversive valence to stimuli, whereas other subsets convey appetitive reward 

and are further modulated by the neurotransmitter, dopamine (Waddell 2013). Dopamine 

activates G-protein-coupled receptors in Kenyon cell dendrites, which encode 

conditioned stimulus information relayed by sensory afferents (Missale et al. 1998). G-

proteins activate adenylyl cyclase, which amplifies concentrations of cAMP, releasing the 

catalytic subunits of protein kinase A (PKA). Phosphorylation of the transcription factor 

CREB by PKA is necessary for protein translation that establishes long-term memories 

(Yin et al. 1994, Frank and Greenberg 1994). 

Certain gene products described as being preferentially expressed in mushroom 

bodies, and which are necessary for olfactory memory formation, have vertebrate 
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orthologues. These highly conserved proteins have corresponding expression patterns in 

paired forebrain centers across Insecta as well as in other mandibulate arthropods and 

chelicerates. There is also corresponding expression of these proteins in the paired lobed 

centers of brains of certain lophotrochozoan groups such as annelids, nemerteans, and 

polyclad flatworms (Wolff and Strausfeld 2014). By way of illustration of such a 

correspondence in, respectively, the mammalian hippocampus and in the honey bee 

mushroom body, the orthologous genes Egr1 and Egr encode early growth response 

protein 1 (EGR-1). Mice with a 50% reduction of EGR-1 expression suffer highly 

impaired long-term memory performance in spatial learning and memory tasks, but no 

deficit in performance of novelty recognition (Jones et al. 2001). In rats, there is a 

significant and transient up-regulation of EGR-1in the dorsal hippocampus that peaks 30 

minutes after spatial learning tasks, such as water maze navigation (Guzowski et al. 

2001). Corresponding relationships of EGR-1 expression are found in the honey bee, Apis 

mellifera. Transient up-regulation of EGR-1 expression, also peaking at 30 minutes, 

occurs in the mushroom bodies of honey bees learning to orient to novel visual stimuli 

(Lutz and Robinson 2013). In honey bees, as in rats, the absence of visual novelty elicits 

no EGR-1 up-regulation. These studies demonstrate a highly conserved role for Egr1/Egr 

in spatial learning and memory in both the hippocampus and mushroom bodies and 

support earlier studies on cockroaches that provided evidence that place memory is likely 

mediated by the mushroom bodies (Mizunami et al. 1998). 

Additional evidence that spatial learning is accompanied by dynamic alterations 

in the mushroom bodies is revealed by alterations in the size of synaptic complexes in the 

cockroach’s calyces after spatial learning (Lent et al. 2007). However, there has been 
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some dispute regarding whether or not it is the mushroom bodies or the central complex 

that mediates place memory. Ofsted et al. 2011 claim that it is the central complex that 

plays the crucial role. This has been challenged by experiments using GAL4-UAS and 

GAL80 temperature-sensitive mutants to express ectopic Tau proteins in the mushroom 

bodies or the central complex. When expressed, these proteins progressively disrupt 

normal function of neurons, and this progression can be followed during behavioral 

experiments. Flies trained to associate a covert cool spot in a hot arena, by virtue of the 

spot’s spatial relationship to visual cues, progressively forget this association over time, 

with all memory irrevocably absent after 60 minutes if these deleterious proteins are 

expressed in the mushroom bodies. When Tau protein is expressed in the central 

complex, but not in the mushroom bodies, the flies initially associate the cool spot with 

visual stimuli but then rapidly lose the ability to produce appropriate corrective motor 

action thereby demonstrating that the central complex is required for the appropriate 

execution of the learned association (Valenzuela et al. 2014, Lent, personal 

communication).  

 

Evolved Modifications of the Mushroom Body Ground Pattern. 

Because of their ubiquity across lophotrochozoans and ecdysozoans, mushroom body-

like neuropils have been hypothesized as having been present in the last common 

ancestor of these clades (Wolff and Strausfeld 2014). Then, their organization would 

likely have included characters that today define the arthropod, onychophoran and 

lophotrochozoan mushroom body ground pattern. This consists of paired lobed or layered 

centers in the most anterior part of the brain (the aganglionic acron of annelids, 
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nemerteans and platyhelminths or the protocerebrum of onychophorans and 

mandibulates) supplied by minute, basophilic globuli cells that together provide parallel 

processes forming the lobes. These processes are intersected by orthogonal arrangements 

of afferents, efferents, and centrifugal feedback neuron arbors (Wolff and Strausfeld 

2014). In crustaceans, the lobed mushroom bodies of cephalocarids, a basal taxon, 

essentially corresponds to this organization (Stegner and Richter 2011). However, in 

most other crustaceans, the mushroom body homologue (referred to as the hemiellipsoid 

body) is a layered and often domed structure despite possessing the mushroom body 

ground pattern circuitry (Wolff et al. 2012, Brown and Wolff 2012). Branchiopoda, 

however, which have much reduced protocerebra, lack these centers. 

In certain insects the mushroom body ground pattern has evolved various 

divergence arrangements. The most lauded of these are in Hymenoptera, where in social 

aculeate Hymenoptera, and many non-social predatory species, the calyx has become 

highly elaborated and enlarged to accommodate several sensory modalities, each denoted 

by afferents occupying a concentric zone of calycal neuropil (Ehmer and Gronenberg 

2002). Accommodating additional modalities was not, however, driven by the evolution 

of sociality but more likely by the evolution of parasitoidism because non-social but 

parasitoid Euhymenoptera, which possess modality-specific zonation of the calyces, 

evolved earlier than did Aculeata, which gave rise to social hymenopterans (Farris and 

Schulmeister 2011). An evolved modality-related expansion has also occurred within 

Coleoptera where in generalist species both olfactory and visual afferents supply separate 

zones of an enlarged calyx (Farris and Roberts 2005).  
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An evolved absence of the calyx is typical of many aquatic taxa, which have lost 

ligand-gated olfactory receptor neurons and lack antennal lobes. Despite these evolved 

depletions, prominent mushroom bodies equipped with many thousands of parallel fibers 

receive abundant afferents to their lobes, and provide abundant outputs. Even amongst 

anosmic insects, there appear to be further evolved modifications, such as in gyrinid 

beetles one species of which (the whirligig beetle Dineutus sublineatus) is anosmic yet its 

large mushroom bodies are equipped with prominent calyces.  Olfactory afferents to 

these are absent, however, as there are no antennal lobes; instead a massive input to both 

ipsi- and contralateral mushroom bodies is carried by visual relay neurons originating in 

the dorsal columns of the optic lobe’s medulla. In gyrinids there has thus evolved a 

complete modality switch from olfaction to vision (Lin and Strausfeld 2012).  However, 

the mushroom body ground pattern circuitry and characteristic protein expression remain 

unchanged (Wolff and Strausfeld 2015). 

While mushroom body morphology and size can vary across the Insecta, with 

hymenopterans exhibiting some of the largest examples, some lineages have achieved 

stunning miniaturizations of the ground pattern down to its bare essentials. The 

Collembola (springtails), which are basal hexapods, possess mushroom bodies 

comprising less than a dozen intrinsic cells (Kollmann et al. 2011). Of note is the absence 

of a lobed mushroom body pair in Archaeognatha, dicondylic hexapods that have 

persisted from at least the lower Devonian. However, antennal lobe glomeruli typical of 

insects are present and these provide relay neurons to the lateral protocerebrum where 

they terminate in a neuropil reminiscent of a simple hemiellipsoid body as in basal 

malacostracan crustaceans (Strausfeld 2012, Kenning et al. 2013). On the other hand, 
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Cephalocarida, which are thought to be closest to the ancestral malacostracan ground 

pattern, possess remarkably insect-like mushroom bodies that are lobate and have a 

swollen calyx-like domain receiving ipsilateral inputs from a glomerular olfactory lobe 

(Stegner and Richter 2011). 

 

6. THE CENTRAL COMPLEX: ACTION SELECTION 

The central complex and its associated neuropils of the lateral complex are the signature 

midline architectures of the protocerebrum that play cardinal roles in the selection of 

behavioral actions (Fig. 10A-C, Fig. 11A-D). 

Central complexes are found in all mandibulates. Homologous neuropils occur in 

Chelicerata and Onychophora (Loesel et al. 2002, Strausfeld 2012b). Unpaired midline 

neuropils comparable to the central complexes of arthropods have been documented for 

errant polychaete annelids (Heuer et al. 2010) and in polyclad flatworms (Wolff and 

Strausfeld, 2015), both lophotrochozoans. As discussed by Strausfeld and Hirth (2013), 

suite of characters appears to be shared by the insect central complex and the vertebrate 

basal ganglia, the reputed action-selection centers of the chordate brain (Grillner et al. 

2013). These characters relate to the origins in the forebrain of stem cells from which 

these centers develop; patterns of corresponding gene expression; the organization and 

functional roles of dopaminergic pathways; corresponding roles in the selection of motor 

actions, and corresponding pathologies that impair such actions. These commonalities of 

central complexes and basal ganglia have led to the controversial proposal that they share 

a genealogically corresponding ground pattern, the organization of which was likely 
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present in their common bilaterian ancestor some 550-600 million years ago (Strausfeld 

and Hirth 2013). 

It might be assumed that because brains differ so enormously in size and 

behavioral relevance across taxa, it would be impossible that an ancestral brain center 

could, over an immense expanse of time, undergo evolved divergence while retaining its 

ancestral ground pattern and function. However, such doubts are to a large degree 

dispelled by comparing across related taxa separated by immense spans of time. In 

chordates, despite hundreds of millions of years of divergent evolution, the basal ganglia 

in cyclostomes and primates have recognizably homologous organization (Robertson et 

al. 2014). In hexapods, central complexes show enormous variations, yet all of these are 

attributable to homologous subsets of neurons. Differences in the proliferation of neurons 

from their stem cells can account for major morphological disparities in neuropil volume 

and thus synaptic complexity (see Lui et al. 2013). In insects, the central complex 

invariably derives from a ubiquitous developmental ground pattern, but taxon-specific 

differences in development timing and daughter cell generation define observed 

divergence of size and elaboration (Boyan et al. 2015). It is revealing that neuronal 

arrangements in the central complex of a collembolan or a dipluran, both minute 

flightless hexapods living under leaf litter, are essentially the same as in the large and 

stunningly modular central complexes typical of insects that possess great dexterity, such 

as the praying mantis (Kollmann et al. 2011, Böhm et al. 2012, Strausfeld 2012b, 

Strausfeld and Hirth 2013). 

 

Discovery and Synaptic Components.  
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The arrangement of central complex neuropils has intrigued students of insect brain 

anatomy ever since Johann Flögel’s unprecedented study published in 1878 (Strausfeld 

and Seyfarth 2008). Using for the first time photographs of sectioned brains, his work 

emphasized that whereas certain neuropils, such as the mushroom body’s calyces, are 

absent in some species of insects, the central complex – named by Flögel “der 

Centralkörper” (the central body) – was always present and usually took the form of a 

bistratified, scalloped-shaped neuropil divided into upper and lower components. That the 

Centralkörper is now called the fan-shaped body, and its lower component the ellipsoid 

body, we owe to translations of a study of the dipteran brain by Cuccatti (1888), one of 

many biologists who towards the end of the 18th Century were intrigued by the 

complexity of insect brains. Flögel also identified two composite structures beneath the 

central body, which he called “Knollen” (English, tubers), today referred to as the noduli. 

A narrow rostral neuropil spanning the cleft between the medial lobes of the 

protocerebrum, linked to the fan-shaped body by an elaborate decussation of axons 

(Williams 1967), was identified in 1887 by the French neuroanatomist Viallanes and later 

named the protocerebral bridge by the Swedish anatomist Bertil Hanström (Strausfeld 

and Seyfarth 2008).  

The central complex in an insect thus comprises four delineated neuropils, here 

illustrated in Fig. 10A-C from the dipterous insect Neobellieria bullata. The 

protocerebral bridge is the most anterior neuropil, with respect to the natural rostro-

caudal axis of the central nervous system. It is linked by an elaborate system of 

decussating axons to the fan-shaped body, which is connected to the ellipsoid body and 

the noduli. With one known exception, malacostracan crustaceans have fewer neuropils: 



129 
a small protocerebral bridge connected to a broad spindle-shaped homologue of the fan-

shaped body, which is bistratified but lacks accompanying noduli (compare chapter 45). 

The one exception is in stomatopod crustaceans, which have insect-like fan-shaped 

bodies and clearly defined noduli. However, a spindle-shaped arrangement lacking noduli 

is resolved in archaeognathan insects, supporting their ancestral affinity with a 

malacostracan-like ancestor (Strausfeld 2012b).  

The lateral complex is so-named because its paired neuropils – the bulb, gall, 

wedge and lateral accessory lobe – and the adjoining ventrolateral protocerebral center 

(Ito et al. 2014, Iwano et al. 2010) lie to either side of the central complex, with which 

they exchange connections. The bulb is subdivided into several discrete domains, as is 

the lateral accessory lobe. Such domains are likely to be homologous across insect 

species although they may not be delineated in the same manner.  

 

Information Flow to and from the Central Complex.  

Infusion of cobalt ions has been an important tool for tracing the passage of axons to and 

through the central nervous system. For example, the injection of low concentrations of 

cobalt cations into the optic lobe’s lobula will resolve the projection of its axons into the 

protocerebral optic glomeruli after cobalt has been precipitated as a sulphide salt and 

amplified by a physical photographic developer (Strausfeld and Okamura 2007). 

Applying aqueous cobalt nitrate to the entire ventral nerve cord through severed ganglia 

results in massive retrograde filling of neurons that leave the brain for the thoracic 

ganglia (the descending neurons) and anterograde filling of neurons that originate in 

ganglia and terminate in the brain. Those terminals occupy much of the lateral and lower 
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parts of the protocerebrum, completely omitting the central complex neuropils. Cobalt 

injections into the antennal lobes, or the tritocerebral mechanosensory neuropils (such as 

acoustic and gravity-receptive neuropils: Kamichouchi et al. 2009) resolve terminals in 

several neuropils of the lateral and superior protocerebrum, but none extend into the 

central complex. The same applies to outputs from the optic lobes. These findings 

demonstrate that the central complex occupies the status of the highest integrative center 

in the brain in that all of its inputs originate well downstream of sensory centers. Its 

afferent supply from sensory neuropils is circuitous (Fig. 3). 

Intra- and extracellular recordings, as well as radiographic identification of central 

complex activity during visually evoked behavior (Bausenwein et al. 1994), demonstrate 

that information relayed to the central complex is often a synthesized multimodal 

representation of cues relevant to the ecology of that species. A second class of 

information is the encoded representation of sensory space, meaning a precise mapping 

of the spatial distribution of sensory inputs, such as the representation of the pattern of 

skylight polarization or the location of a tactile or visual stimulus (Heinze and Homberg 

2007, Ritzmann et al. 2008, Seelig and Jayaraman 2013; see also chapter 49). The central 

complex encodes where something occurs and what that something is, integrating both to 

reconstruct a synthesis of the animal’s ecology (el Jundi et al. 2014).  For example, 

representations of the e-vector of polarized light are encoded by small neurons with 

restricted dendritic fields that contribute to eighteen modules partitioning the fan-shaped 

body and protocerebral bridge (Heinze and Homberg 2008). The locations of tactile 

stimuli are likewise represented across the modular protocerebral bridge and from there 
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to subsequent levels (Ritzmann et al. 2008). In short, the bridge has at least two classes of 

representation of sensory space: the encoding of "where" and "what".  

Modular arrangements of neurons extending through the protocerebral bridge, 

fan-shaped body and ellipsoid body are intersected by planar terminals of neurons that 

have their dendrites in the superior protocerebrum and which carry information not about 

where a stimulus is located but about the sensory composition of an event, such as the 

elevation or angular inclination of visual patterns or the direction of visual motion (Liu et 

al. 2006, Phillips-Portillo 2012), which might occur anywhere within the monocular 

receptive field. 

 

Central Complex Roles: A Navigator and Repository for Allocentric Memory?  

Opinions differ concerning the evolved function of the central complex. One view 

obtained from many years of work on locusts, and subsequently on monarch butterflies, 

is that this region is a specialized visual center that serves as a navigator, integrating 

information about skylight polarization, the time of day, ambient chromatic properties of 

the sky and the elevation of the sun (el Jundi et al. 2014; see also chapter 49). The 

rationale for this idea comes from intracellular recordings and dye fills at various levels 

through the central complex that identify neurons whose peak activity corresponds to the 

angle of skylight polarization, which changes from dawn to dusk, as do the other two 

parameters: ambient wavelength and sun elevation.  Authors of these studies assert that 

computations that combine these parameters mediate long distance navigation (Heinze 

and Reppert 2011), such as the migration of monarch butterflies from the northeastern 

United States to their overwintering habitats in the Michoacan Mountains of central 
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Mexico. However, up to the time of writing, no experiments have tested this hypothesis 

using targeted interference of the central complex.  

It has also been asserted from studies on the fruit fly Drosophila melanogaster 

that the central complex is required for visual place memory. This idea derives from the 

use of a heat maze paradigm, originally designed for experiments on place memory 

acquisition in the cockroach mushroom bodies (Mizunami et al. 1996), in which the 

animal learns the location of a preferred cold spot in an arena by virtue of its relationship 

to surrounding visual cues (Ofstad et al. 2011). The claim that the fly’s central complex 

mediates visual place memory is based on the ability to reversibly incapacitate inward-

rectifying potassium channels (Kir2.1) of the central complex, rendering it dysfunctional. 

The fly is then unable to navigate to the  position of the cold spot in the maze. Other 

studies that specifically disrupt ellipsoid body function also disrupt visual pattern 

memory and working memory required to navigate environmental cues (Wang et al. 

2009, Kuntz et al. 2012). However, as described above (see Mushroom Bodies, page 

XXX) newer studies have re-established the role of the mushroom bodies in place 

memory while demonstrating that the central complex is required to select appropriate 

actions to enable.  

 

Central Complex Roles: Functional Interpretations.  

As will be reviewed presently, a growing body of evidence demonstrates that the central 

complex selects behavioral actions that are appropriate to a given stimulus. This raises 

questions about how to view behavioral tests of visual memory, such as those cited 

above, the outcomes of which rely on evoked actions. If the central complex is required 
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for action selection, including those that are elicited by memories stored in the brain, 

dysfunction of the central complex will confound assumptions about its role as a memory 

center. A memory of place may be computed and stored elsewhere in the brain, with 

decisions on how to act on recall made not by the memory center itself, but from 

information relayed from it to the central complex. Motor actions are the dependent 

variable for interpreting visual orientation studies, but without proper experimental 

controls, the inability of the brain to select motor actions cannot be distinguished from an 

inability to remember visual landmarks.  

There is no doubt that many more visual parameters than those so far identified 

are encoded by the central complex, and that recall of visual parameters involves 

connections to the superior medial protocerebrum (Liu et al. 2006) and from there to the 

central complex (Neuser et al. 2008). But where such memories are generated and stored 

is, at the time of writing, unresolved (Phillips-Portillo and Strausfeld 2012). Furthermore, 

although no one doubts that polarized light perception is crucial for path-finding (Wehner 

and Srinivasan 2003), if the central complex is the navigator why – apart from than that 

they are more direct and thus faster pathways – do responses of certain descending 

neurons receiving inputs directly from the optic lobes show greater fidelity to the angle of 

polarized light than do neurons in the central complex itself (Traeger and Homberg 

2011)?  

Then there is the question of whether modules of the central complex have 

evolved for mapping e-vector representations or whether they are indicative of sensory 

maps per se, irrespective of modality, or of something else that relates to the selection of 

actions. Homologous modules are present in cave crickets, cave beetles and soldier ants, 
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none of which experience polarized light, and they are present in the central complexes of 

sightless and near sightless hexapods living in leaf litter (Böhm et al. 2012, Kollmann et 

al. 2011). The most exaggerated modular organization is found in the central complex of 

tropical stick insects that do not migrate and rarely fly (Strausfeld 2012). On the other 

hand, there is a tight correlation between appendicular dexterity and the degree to which 

modules are defined in the fan-shaped body, modularity being determined by the extent 

to which homologous neurons originating from modules of the protocerebral bridge 

overlap (Fig. 10D, E).  

 

Central Complex Roles: Action Selection.  

That central complexes play the cardinal role in the selection of motor actions is 

demonstrated by a variety of studies, many of which have used genetic mutations to 

demonstrate the necessity of central complex integrity for initiating an ambulatory 

behavior (Triphan et al. 2010) and maintaining and regulating the dynamics of such 

activity (Martin et al. 1999, Poeck et al. 2008) and its patterning (Strauss and Heisenberg 

1993, Strauss 2002). In Drosophila, the central body has been implicated in courtship 

sound production (Popov et al. 2003). Apart from the last, many such studies led to the 

suggestion that the central complex is a center that supervises the control of walking 

(Strausfeld 1998), since confirmed by direct observations of central complex activity 

during locomotion (Bender et al. 2010). It is of relevance that in grasshoppers, the central 

complex has been shown to select species-specific stridulatory patterning driven by leg 

muscle coordination (Hoffmann et al. 2007, Kunst et al. 2011). Such dependence on the 

central complex for coordinated motor actions implies that it must be selecting amongst 
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all possible descending neurons: those imposing on segmental motor circuits a control of 

often asymmetric actions that are appropriate for negotiating complex terrain (Ridgel et 

al. 2007). 

Chronic recordings of the central complex (Bender et al. 2010, Guo et al. 2014) 

reveal its activation during the selection of motor actions (Ridgel et al. 2007, Ritzmann et 

al. 2012). Electrophysiological recordings demonstrate that tactile cues are represented 

across the protocerebral bridge (Ritzmann et al. 2008) and that focal lesions disrupting 

this representation lead to behavioral deficits in negotiating barriers (Harley and 

Ritzmann 2010), a finding reminiscent of studies of Drosophila, in which lesion-inducing 

mutations of the protocerebral bridge result in difficulties in negotiating physical gaps 

(Triphan et al. 2010).   

These results, like those on locusts cited above, are another vindication of 

Krogh’s principle of using the taxon most appropriate to the question asked (Krogh 

1929): roaches and locusts are robust insects that tolerate abuses that would defeat most 

other insect species, such as surgical lesions of brain areas and chronic extracellular 

recordings during behavioral tasks.  

What, then, do these studies tell us about the central complex’s functional organization? 

The likely key for resolving this question is the category of nerve cells called descending 

neurons, of which there are approximately 350 pairs in an insect the size of a blow fly.  A 

tiny fraction of these neurons constitute very fast conduction pathways that initiate reflex 

actions, such as a fly’s escape response to looming stimuli (Mu et al. 2014), or the 

conveyance of commands required to maintain balanced flight or the pursuit of targets 

during flight (Gronenberg and Strausfeld 1990, 1991, Baader et al. 1992, Trischler et al. 
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2007). However, the great majority of descending neurons encode specific combinations 

of multisensory data, such as reconstructions of the structured visual world with tactile 

information and e-vector representations. These descending channels relay information 

from the brain to symmetrically organized sensory-motor circuits in thoracic and 

abdominal ganglia that, in the absence of any asymmetric instructions, provide bilaterally 

coordinated muscle actions.  

Synthesized multimodal sensory information is thus represented twice in the 

central nervous system: in output channels from the brain and in the central complex. The 

hypothesis here is that two mechanisms are required for eliciting behavioral responses 

that match ecological challenges. One is the assessment by the central complex of what 

features in sensory space require a specific sequence of motor actions; the other is a 

mechanism that selects those descending channels that will elicit those actions.  

Appendicular actions are generated by segmentally organized sensory-motor 

circuits. These are essentially interlinked pattern generators that receive sensory feedback 

from external and internal sensory receptor neurons associated with appendages and the 

trunk. Together, sensory feedback and motor output generate patterned movements, such 

as those enabling forward motion. However, these patterns have to be modified, 

sometimes drastically, to accomplish a behavioral response to more elaborate stimuli 

associated with recognizing and avoiding obstacles, reacting to conspecifics, and other 

ecologically relevant constraints. In such instances, outputs from thoracic motor circuits 

are determined not only by the integration of re-afferent sensory inputs at the level of the 

ganglia, but with the participation of efferent inputs from descending neurons carrying 

information relevant to evoking an appropriate behavior (Ritzmann and Büschges 2007). 
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Those behaviors require the integrity of the central complex (Ridgel et al. 2007, Guo and 

Ritzmann 2013, Guo et al. 2014). As summarized above, disruption of the central 

complex disrupts behavior. Likewise, genetic interference of modulatory pathways in the 

central complex leads to inappropriate motor actions and ataxias reminiscent of 

Parkinson’s disease (Strausfeld and Hirth 2013). 

 

Data Integration and Selection.  

Optical recordings of Drosophila have demonstrated that a pair of neuropils, called the 

bulbs situated lateral to the ellipsoid body (Fig. 11D), encode in their glomerular 

structure information about visual motion occurring in different segments of each 

monocular visual field (Seelig and Jayaraman 2013). Each glomerulus supplies a discrete 

arborization that contributes to a system of modules that are coincident with those 

defined by through-going modular neurons from the protocerebral bridge and fan-shaped 

body (Fig. 12). .The proposition here is that information in modules  the location of 

events, such as those occurring within the visual panorama – or those occurring within 

the acoustic hemisphere in species in which sound is a dominat moduality – are 

integrated with signals representing vectorial aspects of sensory space (such as the e-

vector map, or the locations of haptic stimuli), the resulting levels of maximal activity 

determining which premotor neurons will provide appropriate behavioral instructions 

(Fig. 12). And, a short-term persistence of such representations in ellipsoid body may 

provide working memory required for an insect to re-establish an interrupted behavioral 

action such as the re-establishement of a direction of walking after the brief 

disappearance of a visual target (Neuser et al. 2008).  
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 A second class of inputs to the central complex is provided by layered terminals of 

neurons originating in the protocerebrum that intersect these vector-encoding modules 

(Figs. 1D-F). One example is a neuron that relays from the optic glomerular complex 

information about edge motion. Its terminal in the protocerebral bridge intersects all the 

modules arranged across the bridge (Phillips-Portillo 2012). Neurons belonging to this 

class encode integrated sensory information that matches different stimulus 

configurations typifying the species’ ecology. Examples of this are the encoding and 

release of species-specific patterns of acoustic signals, or specific parameters of visual 

cues such as their elevation or inclination (Heinrich et al. 2001, Zorovic and Hedwig 

2013, Liu et al. 2006).  

Considering the elaborate architecture of the central complex, the prediction is 

that two classes of inputs, one signaling where events occur in sensory space, the other 

signaling what these events are, become integrated such that the saliences of stimuli in 

sensory space are represented by different levels of neural activity across the arrangement 

of modules (F. Hirth, personal communication). It is this representation of saliences that 

through competitive inhibition would determine which modules send their signals to the 

lateral accessory lobe and its satellite region in the ventral protocerebrum (11A,C. For 

schematic, see Fig. 12). It is there that interneurons are thought to interact with premotor 

descending neurons and gate their activity. In short, the central complex is disposed to 

transform the dynamic map of events charted onto it from the sensory environment to a 

map of reactive motor events extending out into sensory space, thereby changing the 

insect’s relationship to it. 
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Many crucial questions remain unanswered. What might be the relevance of 

asymmetric structures in the fan-shaped body (Fig. 11E), the presence of which correlates 

with the ability to express a long-term memory (Pascual et al. 2004)?  If the central 

complex, via its lateral complex neuropils, selectively edits the activity of descending 

channels, how is this selection accomplished and is memory of this selection stored in the 

central complex networks? And, what is the role of the many inhibitory pathways to and 

from the central complex? The ellipsoid body is linked by massively dense GABAergic 

(inhibitory) tracts to the lateral accessory lobe, suggesting the lateral accessory lobe not 

only receives feed-forward inhibition from the central complex (Strausfeld and Hirth 

2013), but also that the ellipsoid and fan-shaped bodies reciprocally receive inhibition 

from the lateral accessory lobe. Clearly, the lateral accessory lobe and its satellite 

neuropils require extensive study.   

Are species-specific behaviors reflected by distinct taxon-specific anatomical 

relationships between the central complex outputs and descending channels? Or are such 

connections anatomically indistinct, differing only in the specific instructions that they 

receive from the central complex? Although we do not yet know, the second seems 

unlikely. However, we do know something that in 1878, Johann Flögel could not resolve: 

when compared across species, the central complex itself shows the greatest structural 

diversification of any neuropil (Strausfeld 2012b). Such diversity likely reflects two 

features. One is the nature of sensory representation itself:  the patterning and relative 

abundance of each modality represented in the central complex. The other likely relates 

to what the central complex performs in supervising motor actions (Strausfeld 1998). The 

latter is suggested by Figure 10D, E and F illustrating that even though the central 
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complex ground pattern is invariant across species, evolved modifications of overlap 

amongst the modules of the fan-shaped body reflect each species’ appendicular dexterity. 

The following comparisons are also revealing; whereas terrestrial hemipterans have a 

fully intact protocerebral bridge and fan-shaped body, the protocerebral bridge of 

backswimmers – aquatic hemipterans belonging to the family Notonectidae – is 

completely split into two separate halves. The modules of the fan-shaped body are also 

accentuated laterally and much reduced at the midline. Their noduli are minute, and the 

lower part of the fan-shaped body is reduced to a vestige. The same organization typifies 

water boatmen, another family of aquatic hemipterans belonging to the family Corixidae. 

In the water, hemipterans are adept, fast swimmers using their elongated oar-like hind 

legs. But on land, these insects are barely able to walk: they lurch and stumble, and have 

difficulty in coordinating their legs to change direction. These clumsy actions are 

reminiscent of the hesitant and stuttering gait of Drosophila nobKS49 mutants, in which 

the protocerebral bridge is split and disconnected into two halves (Strauss et al. 1992).  

Comparisons can also suggest what suite of motor actions might be excluded from 

central complex control. For example, central complexes appear to be indistinguishable 

in the locust Schistocerca gregaria and the Mexican horse lubber Barrytettix psolus, both 

acridid orthopterans. The second species is entirely flightless (Arbas 1983), the first is 

famous for its extended flying migrations. Both species have almost identical ambulatory 

repertoires and both migrate considerable distances by walking; these actions suggest that 

it is this mode of terrestrial locomotion, not flight, that is under central complex control. 

In addition to intriguing anatomical variations and constancies, descriptions of the 

central complex have demonstrated its stunning variety of peptidergic innervation, 
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especially in the fan-shaped body (see, Zsofia et al. 2010). Some of these neuroactive 

substances belong to inputs that extend across layers in the fan-shaped body. Others are 

provided by neuromodulatory neurons, intrinsic to the central complex, that originate 

from perikarya in the pars intercerebralis, the cleft between the two protocerebral 

hemispheres (Kahsai et al. 2011, 2012). Again, the significance of why so many central 

complex neurons contain neuroactive peptides along with their own transmitter 

substances is not yet known. However, by analogy with the much simpler and extremely 

well-studied network of the malacostracan stomatogastric ganglion (Nussbaum et al. 

2001; see chapter 46), the abundance of peptidergic circuits in the central complex 

suggests that its neuropils are likely to have great functional plasticity due to network 

configuration in response to specific internal and external environmental conditions and 

constraints.  
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FIGURE LEGENDS 

FIGURE 1. Correspondence of Insect and Malacostracan Brains. Both taxa, here 

represented by the cockroach Periplaneta americana and the glass shrimp Palaeomonetes 

pugio, possess nested optic neuropils. These are: the lamina (LA), medulla (ME) and 

lobula complex (LO), the latter supplying inputs to the optic glomeruli in the lateral 

protocerebrum (LP). This part of the brain also receives tracts (dark green) from the 

striate mechanosensory neuropil, which is mainly situated in the tritocerebrum (TRI) but 

extends also to gnathal ganglia (GNG). The deutocerebrum (DEU) contains first order 

olfactory neuropil (antennal lobes: AL) divided into glomerular (P. americana) or wedge-

shaped (P. pugio) subunits (shown in insets DEU). In insects, these first order olfactory 

centers are connected ipsilaterally to the mushroom bodies (MB). In malacostracans they 

are connected heterolaterally to both hemiellipsoid bodies (HB). Homologous segmental 

disposition of mechanosensory and olfactory neuropils in both taxa is independent of 

their supply from a single pair of antennae (via nerve A1 in P. americana) or from two 

pairs of antenniform appendages, the antennule and second antenna (via nerves A1 + A2 

in P. pugio). In both taxa the medial protocerebrum (MP) is dominated by the central 

complex (CC, yellow). The major neurosecretory cells (red) have corresponding 

locations. Cerebral ganglia (CRG) are shown for both taxa. Gnathal ganglia, shown for 

the cockroach only, lie beneath the esophageal foramen. In P. pugio these ganglia are 

more caudally placed than can be shown here. 

 

FIGURE 2. Protocerebral Landmarks. A. Vertical section across the brain of the 

calliphorid fly Neobellieria bullata. Anterior is up. The protocerebrum’s mid-brain 
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(cerebrum) is flanked by the optic lobes, which in certain genera (e.g. Diptera, 

Lepidoptera, Coleoptera) have a lobula complex divided into a lobula (LO) and lobula 

late (LOP). The central complex, situated at the brain’s midline (shown green), comprises 

four primary neuropils which are indicated in panel B. These are the protocerebral bridge 

(PB), fan-shaped body (FB), ellipsoid body (EB), and noduli (NO). In panel A, the lateral 

accessory lobe (LAL) is the largest center of the lateral complex, shown with the 

mushroom body’s pedunculus (yellow) anterior and lateral to it. The most rostral 

protocerebrum (SP, superior protocerebrum) is divided into three prominent lobes, the 

superior lateral, intermediate and medial protocerebral lobes (SLP, SIP, SMP, in panel 

B). These are interlinked by elaborate relay neurons (insect panel A). Laterally, in the 

protocerebrum, the lobula complex provides axon bundles (magenta) to discrete 

glomerular islets (blue) that comprise the optic glomerular complex (OGC). B. Serial 

confocal images of N. bullata’s brain labeled with anti-b-tubulin to resolve the numerous 

discrete neuropils that compose supra- and subesophageal zones. Here just the major 

territories are indicated along with components of the central complex. Note also the 

distributions of cell bodies (some indicated with asterisks) providing neuromodulatory 

systems (short neuropeptide F) to a variety of discrete neuropils, including the fan-shaped 

body. C. Many neuropils of the lateral, medial and superior protocerebrum receive 

outputs (yellow) from the mushroom body lobes (here showing the medial lobe, ML, of 

P. americana). In this and other hemimetabolous insects, lateral neuropils provide 

GABAergic (inhibitory) inputs (shown blue) to the mushroom body calyces (CA). D. 

Cobalt-silver staining demonstrates that the superior medial protocerebrum (SMP) is 

densely populated by neurons that provide inputs to layers of the fan shaped body (FB). 
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E. Intracellular recordings combined with Lucifer yellow fluorescent dye injection reveal 

dye-coupled pairs of inputs originating from dendritic trees in the SMP. F. Combinations 

of dye fills and silver chromate impregnation of neurons provides information about cell 

relationships, here in the cockroach, between the fan-shaped body (FB) and one nodulus 

(NO), the FB and the lateral accessory lobes (LAL). G. Immunostaining resolves 

characteristic axon decussations that project a representation of modules in each half of 

the protocerebral bridge (PB) across the entire width of the fan-shaped body (FB). This is 

shown schematically in Figs. 10C and 11).  Other abbreviations: AL, antennal lobe; 

AVLP, anterior latero-ventral protocerebrum; CRE, crepine; LH, lateral horn; ICL, 

inferior clamp; IPS, inferior posterior slope; PED, pedunculus of the mushroom body; 

PENP, periesophageal neuropils; SCL, superior clamp; VL, vertical lobe of the 

mushroom body. Panels A, E, D modified from Phillips-Portillo and Strausfeld 2012. 

Panel C modified from Li and Strausfeld 1999). 

 

FIGURE 3. Simplified Protocerebral Flowchart. Many discrete neuropils collectively 

contribute to the general regions indicated: the lateral (LP), ventrolateral (VLP) and 

medial (MP) protocerebrum.  The left side of the schematic shows sensory flow (linked 

open circles to arrowhead) carrying incoming visual, molecular (olfactory/chemical), 

haptic (mechanical, pressure, vibration, sound, stretch) and reafferent (motor generated 

sensory input) signals. The right side of the brain diagrams flow through the 

protocerebrum to descending neurons (DN) directly and also via the central complex 

(CC). Sensory information is integrated in successive neuropils: e.g. visual information is 

elaborated in the protocerebrum’s optic glomerular complex (OGC). Olfactory 
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information is integrated in the deutocerebral antennal lobes (AL). Lateral and medial 

protocerebral regions integrate multimodal information that is further relayed to the 

superior protocerebrum (SLP, SIP, SMP) and, via dopamine-containing afferents 

(magenta), to the mushroom body lobes (VL, ML, see page XXX). The right half of the 

schematic summarizes protocerebral neuropils (lateral protocerebrum, LP, and OGC) that 

deliver inputs directly to descending neurons (DNs). About 350 of these from each side 

of the brain provide relays to thoracic/abdominal neuropils, including sensory-motor 

circuits. Outputs from the central complex (CC), via the lateral accessory lobes (LAL), 

are though to edit DN activity (see page XXX). The central complex receives 

multisensory pathways (e.g. visual, mechanosensory) via the SLP, SIP and SMP. It also 

receives multisensory information integrating with stored data in the mushroom bodies 

relayed via green pathways from the mushroom body medial lobes (ML) to the SLP and 

then via relays to the CC via the SIP and SMP.  A major pathway also extends from the 

MB’s vertical lobe (VL) to neuropils of the medial protocerebrum (MB) some of which 

provide dopamine afferents to the CC. 

 

FIGURE 4. Olfactory Neuropils. Irrespective of their Class, euarthropods have 

glomerular or wedge-like subunits, in which axons of olfactory receptor neurons establish 

synaptic connections with relay neurons. A. Ball-like olfactory glomeruli in 

preprotocerebral neuropil of the onychophoran Euperipatoides rowelli where they receive 

inputs from the ipsilateral frontal appendages. B. Glomerular organization of the 

olfactory/contact chemosensory lobes situated at walking leg segment 4 of the Arizona 

bark scorpion Centruroides sculpturatus. C. In insects, glomeruli constitute the antennal 
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lobes of the brain’s deutocerebrum. The majority of projection neurons from these 

centers project to the mushroom body calyces (CA) and the protocerebrum’s lateral horn 

via the medial antennal lobe tract (mALT), one of three large output tracts. Notable in 

this panel are the many discrete neuropils flanking these tracts, which extend just behind 

and to each side of the fan-shaped body (FB) and the paired ball-like noduli beneath. D. 

In Acrididae (Orthoptera), antennal lobes comprise many hundreds of minute glomeruli. 

This organization is exceptional amongst insects (see text). E. The “standard” 

arrangement in most other species (here in the from a worker honey bee, Apis mellifera) 

is a system of glomeruli, each supplied by one population of olfactory receptor neurons 

defined by its olfactory receptor protein (see text). F. Olfactory receptor neurons of the 

same type invading their respective glomerulus, here in the tobacco horn worm moth 

Manduca sexta. G. Male moths are equipped with large prominent glomeruli that 

comprise a macroglomerular complex (MGC). These glomeruli are supplied by axons of 

receptors responding to components of the female pheromone. The smaller glomeruli 

(called ordinary glomeruli), which are common to both sexes, receive axons of olfactory 

receptor neurons responding to plant volatiles. H. False color image showing a female 

antennal lobe of M. sexta. in which a multiglomerular local interneuron has been filled 

with one dye (shown blue) and the dendrites of a uniglomerular projection neuron with 

another (shown yellow). I. A male antennal lobe of M. sexta showing a projection neuron 

originating from an ordinary glomerulus (blue) and a projection neuron originating from 

one of the three macroglomeruli (magenta). Image for panel I courtesy of Nick Gibson, 

Department of Neuroscience, University of Arizona. Images in panels H, I courtesy of 

Carolina Reisenmann, U. C. Berkeley. Panel C modified from Strausfeld 2012b.  
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FIGURE 5. Parallel Channels in the Optic Lobe of Diptera. Three parallel retinotopic 

channels typify the insect visual system, here summarized from studies on calliphorid 

flies. A. The achromatic pathway comprises L1, L2 monopolar cells and amacrine local 

circuits in the lamina (am, L4) relaying to iTm and Tm1 in the medulla that segregate to 

and terminate on T4 and T5 neurons at, respectively, the inner medulla and outer lobula. 

T4 and T5 neurons encode information about the direction of motion across the retina 

relaying this to lobula plate tangential cells (LOPTCs) the terminals of which synapse 

onto descending neurons.  B. The trichromatic pathway to the lobula is supplied by 

receptors R7, R8 that synapse onto a large variety of transmedullary and local 

interneurons. Successive strata of tangential amacrine cells and systems of tangential 

cells serve to reconstruct features of the visual world. Transmedullary neurons end at 

different levels in the lobula where they contact columnar neurons (Col) that target optic 

glomeruli in the lateral protocerebrum (see page XXX). The lobula also receives 

achromatic information from the L1/L2 pathway, which in male flies likely supply 

systems of male-specific columnar and tangential neurons (ML). C. The “mixed” lobula 

and lobula plate pathway is denoted by Y-cells the axons of which bifurcate to supply 

both lobula complex neuropils. Color sensitive TmY-chro encoding chromatic 

information (see page XXX) send axons to both the lobula and lobula plate. Parallel 

systems of achromatic Y-cells are also shared by both regions. Y-cells are thought to 

terminate of columnar output neurons that have dendrites branching in both neuropils 

(Col-LPL and Col-LLP; see page XXX). Diagram modified from Douglass and 

Strausfeld 2003a. 
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FIGURE 6. Organization of the Optic Lobes.  Optic lobes are outgrowths from the 

protocerebrum. The insect and malacostracan ground pattern, here shown for the fly 

Calliphora erythrocephala, consists of four nested retinotopic neuropils, each columnar, 

the column representing one or more facets of the compound retina ((R) not shown here). 

The lamina (LA) and medulla (ME) reconstruct relevant features of the visual world, 

relaying this information to neurons in the lobula late (LOP) and lobula (LO). Columnar 

neurons originating in these two neuropils segregate to the optic glomerular complex 

(OGC) in the lateral protocerebrum.  B. At its simplest, the visual system parses 

chromatic (left) and achromatic (right) information to, respectively, the lobula and lobula 

plate. The lobula’s outputs supply optic glomeruli. The lobula plate also has small-field 

outputs, however its major efferent systems consist of very large tangential neurons, the 

dendrites of which sample many columns. These are shown below in panel F. C. 

Terminals from the lobula to an optic glomerulus (green in OG). Terminals do not 

directly contact descending neurons (DN), but do so via amacrines (see Fig. 7, and Mu et 

al 2012). D. Cobalt-silver stained section showing transmedullary dendrites in the outer 

medulla (oME) with axons extending to the inner medulla (iME) where each column 

contains a quartet of T4 cells. The endings of each quartet supply four layers in the lobula 

plate (shown in green in the LOP, panel B, right. See also pages XXX-XXX). E. Palisade 

of lobula columnar neurons, the axons of which converge to an optic glomerulus (OG). 

This glomerulus is also shown supplying a relay that extends across the brain to the 

corresponding contralateral OGC (not shown). F. Top-down view of the lobula plate 
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showing ensembles of horizontal giant lobula plate tangential cells extending from left to 

right and vertical giant tangential cells, the dendrites of which are aligned vertically in the 

neuropil. The axons of both cell types extend to the medial protocerebrum bypassing 

optic glomeruli. Panel C modified from Strausfeld and Okamura 2007. Panel E modified 

from Mu et al. 2012; panel F adapted from Strausfeld 20012b. 

 

FIGURE 7. Segmental Equivalence of Optic and Olfactory Glomeruli. In each 

ganglion, sensory inputs segregation according to identity into circumscribed neuropil 

domains. Thus, olfactory receptor neurons segregated into domains on the on the 

antennae (A) according to their type of olfactory receptor protein, send their axons to 

corresponding glomeruli in the antennal lobe (B), which are interconnected by systems of 

local interneurons (C; see page XXX).  In the visual system, it is each ensemble of lobula 

columnar neurons in the lobula complex (D) that encodes a specific feature of visual 

space and sends its axons to a specific glomerulus (E) of the OGC. Glomeruli are 

interconnected by systems of local interneurons (F). Figure modified from Strausfeld and 

Okamura 2007, Mu et al. 2012, Strausfeld 2012b. Middle panel, top row, courtesy of 

Barry Dickson, University of Vienna. 

 

FIGURE 8. Mushroom Body Organization. Although mushroom bodies greatly vary in 

size and structural elaboration, they nevertheless conform to the anatomical ground 

pattern described in Wolff and Strausfeld 2015. In insects, mushroom bodies have a 

lateral and medial calyx (L CA, M CA), though in some species these are fused (e.g. 

Drosophila) A. Female and male antennal lobes (MGC = macroglomerular complex) of 
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the parasitoid “velvet ant” (a type of solitary wasp) Dasymutilla aureola. The antennal 

lobes consist of hundreds of glomeruli that supply the calyces (LCA/MCA) of enormous 

mushroom bodies, each composed of some 500,000 Kenyon cells. The protocerebral 

neuropils are accordingly condensed into relatively small volumes.  B. Golgi-

impregnated Kenyon cells in P. americana, illustrating the parallel arrangements of their 

fibers (vertical lobe not shown) and the orthogonal arrangements of extrinsic neuron 

dendrites and terminals (inset). C. In Hymenoptera, unusually large efferent neurons, 

called PE-1 cells exemplified here in a carpenter ant Pogonomyrmex sp (for  the same 

neurons in honey bees, see Mauelshagen 1993), originate at the base of the vertical lobe, 

extending branches to g-type Kenyon cells. D. Staining the PE-1 (green, lower right) in 

the honey bee brain shows its projection from the the base of the vertical lobes into 

superior lateral protocerebrum. This schematic of the worker honey bee mushroom 

bodies illustrates calyx zonation into lip, collar and basal ring zones (Li, Co, BR) and 

their representation across the vertical lobe (VL) as banded domains of Kenyon cell 

axons. The lowest domain is occupied by g-Kenyon cells. E. Silver-stained cross- section 

showing the huge axon of PE-1 emerging, lower right, from the vertical lobe and bands 

formed by the dendrites of other extrinsic neurons arranged across the lobe where they 

coincide with Kenyon cell processes from concentric calycal zones, as in panel D. F. 

Cross-section of the honey bee’s vertical lobe. False colors shows the occurrence of 

FRFamide immunoreactivity (green) in processes of Kenyon cells originating from the 

collar and lip zones (see panel D). Dendrites (yellow) of an output (efferent ) neuron are 

aligned with Kenyon cells, in which this neuropeptide does not occur. G. The medial and 

vertical lobes (here the medial lobe of P. americana) are further subdivided into laminae, 
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a new pair of which is generated at each instar. Efferent dendrites (green) interact with 

zonal representations of Kenyon cell axons. H. Vertical lobe in the grasshopper 

Schistocerca. gregaria, showing diffuse arrangement of large efferent dendrites, 

characteristic of Acrididae. Panel D modified from Strausfeld 2002, 22012b; panel F 

adapted from Strausfeld 2002; panel G. courtesy Rudi Loesel. 

 

FIGURE 9. Mushroom Body Circuitry. Although basal and aquatic species lack 

calyces, most terrestrial insects possess them. The calyces receive integrated sensory 

inputs processed in, and then relayed from, primary sensory neuropils (antennal lobes, 

optic lobes, see page XXX). Information from these afferents is sparsely relayed to a 

subset of Kenyon cells, which are the primary intrinsic elements of the mushroom bodies. 

Sparsening is accomplished by the activity of inhibitory feedback neurons into the calyx 

from the lateral horn of the protocerebrum (see Stopfer 2014). Kenyon cells processes are 

not axons but serve as local circuits between incoming afferent (input) neurons carrying 

multisensory information (most of these neurons containing dopamine, fewer contain 

octopamine; see page XXX). A second class of intrinsic neurons, called “remote” 

intrinsic neurons, derives from distant perikarya. These neurons can contain neuroactive 

peptides, such as serotonin (Sjöholm et al. 2006). Kenyon cell processes provide local 

circuits between mushroom body inputs to the lobes and efferent (output neurons) from 

the lobes, the axons of which project to specific neuropils in the lateral and medial 

protocerebrum. Inhibitory GABAergic feedback neurons connect various levels in the 

lobes and areas in the lobes with the calyces. 
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FIGURE 10. Structure and Locomotor Correlates of Central Complex Morphology. 

A-C. The fan-shaped body consists of two clearly defined outer and inner domains (o, i 

in panels A, B) revealed by both silver staining (A) and by labeling neuropil with anti-b-

tubulin (B). In nematoceran Diptera, there is also a prominent additional inner component 

to the central complex. This is the ellipsoid body (EB), an arch-like neuropil, open in 

most some species as here in Neobellieria bullata (C), but completely closed ventrally in 

Drosophila. The ellipsoid body (EB) is variously stratified from front to back and across 

its width. Depending on the species, paired noduli lying ventral to and behind the EB are 

partitioned into 1 – 4 discrete units. D. Modules in the protocerebral bridge project axons 

across the entire fan-shaped body which, for clarity,  is here shown receiving inputs from 

just one half of the bridge. The lower schematic in D diagrams arrays of modular neurons 

shared by the PB and FB (for clarity, their crossed axons are not shown). Collaterals of 

these neurons in the fan-shaped body overlap to various degrees in certain species. E. 

Modular organization reflects the degree of overlap, as demonstrated by immunostaining 

of homologous neurons in the FB of there different species. The extent of overlap 

correlates with the appendicular dexterity of the species in question. Complete overlap, as 

in the dermapteran (lower right) obscures any overt modularity. In contrast the least 

overlap typifies the fan-shaped body of a highly dexterous mantid (eft in E).  behavioral 

expression of the memory (Valenzuela 2014). 

 

FIGURE 11. Cellular Architectures of the Central Complex. Despite species-specific 

of central complexes the same ground pattern organization pertains. A. The protocerebral 

bridge (PB) is here shown with axons of its modular neurons extending downwards to the 
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fan-shaped body, in which are visible its upper (blue) and lower (magenta) divisions with 

their axonal extensions to the lateral accessory lobes (LAL). B. Modular arrangements of 

dendritic trees across the protocerebral bridge of the pre-emergent larva Libellula 

saturata, with their decussating axons projecting towards the fan-shaped body (not 

shown). C. Upper and lower divisions of the fan-shaped body of L. saturata showing 

connections to the LAL and its links to the superior median protocerebrum (SMP). D. 

The ellipsoid body of Neobellieria bullata showing ensembles of ring neurons with three 

connected to glomeruli of the bulb. E. N. bullata showing terminals from the 

protocerebrum in the most superficial layer of the fan-shaped body.  The lowest stratum 

is characterized by is paired asymmetric bodies (ASB), the only known, yet consistent, 

asymmetry in the insect protocerebrum. Panels D, E modified from Phillips-Portillo and 

Strausfeld 2012. 

 

FIGURE 12. Simplified Schematic of Sensory Representation in the Central 

Complex. Mapped sensory representations (here haptic (hap) solid circles, e-vectors 

(pol), oriented double arrows) are represented in modules at the level of the protocerebral 

bridge (PB) and fan-shaped body (FB). In its simplest form, shown here, the arrangement 

of modules in the bridge is mapped across the whole fan-shaped body. Modular neurons 

encoding where events occur (here two haptic, each with different strengths, and one e-

vector cue) interact with  tangential neurons that extend across the entire modular array; 

recordings from these neurons show them to carry high-level information from the 

protocerebrum about sensory events (e.g. elevation and identity of a visual cue; see, Liu 

et al. 2006). The positions of such cues in the monocular visual field (1-8, left and right) 
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are encoded in the bulb (BU; see, Seelig and Jayaraman 2013) and are represented at 

modular neurons in the ellipsoid body (EB) or its layered homologue. Competitive 

interactions (double arrows) amongst these representations are hypothesized to determine 

the salience of sensory events, resulting in the selection of descending neuron 

transmission at the level of the lateral accessory lobe (LAL). Model organization and 

hypotheses in collaboration with F. Hirth, Kings College, London. 
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Abstract 

Malacostracan crustaceans and dicondylic insects possess large second-order olfactory 

neuropils called, respectively, hemiellipsoid bodies and mushroom bodies. Because these 

centers look very different in the two groups of arthropods, it has been debated whether 

these second-order sensory neuropils are homologous or whether they have evolved 

independently. Here we describe the results of neuroanatomical observations and 

experiments that resolve the neuronal organization of the hemiellipsoid body in the 

terrestrial Caribbean hermit crab, Coenobita clypeatus, and compare this organization 

with the mushroom body of an insect, the cockroach Periplaneta americana.  

Comparisons of the morphology, ultrastructure, and immunoreactivity of the 

hemiellipsoid body of C. clypeatus and the mushroom body of the cockroach P. 

americana reveal in both a layered motif provided by rectilinear arrangements of 

extrinsic and intrinsic neurons as well as a microglomerular organization.  Furthermore, 

antibodies raised against DC0, the major catalytic subunit of protein kinase A, 

specifically label both the crustacean hemiellipsoid bodies and insect mushroom. In 

crustaceans lacking eyestalks, where the entire brain is contained within the head, this 

antibody selectively labels hemiellipsoid bodies, the superior part of which approximates 

a mushroom body’s calyx in having large numbers of microglomeruli. We propose that 

these multiple correspondences indicate homology of the crustacean hemiellipsoid body 

and insect mushroom body and discuss the implications of this with respect to the 

phylogenetic history of arthropods. We conclude that crustaceans, insects, and other 

groups of arthropods share an ancestral neuronal ground pattern that is specific to their 

second-order olfactory centers.  
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Introduction 

Insects and malacostracan crustaceans both possess first-order olfactory neuropils in their 

deutocerebral (second) brain segments. These are connected by projection (relay) neurons 

to higher centers in the protocerebrum, the most anterior brain segment.  In dicondylic 

insects, the mandibles of which have joints with two points of articulation, projection 

neurons from the antennal lobes ipsilaterally supply a prominent lobed center, each side 

of the brain, located laterally in the protocerebral segment (Stocker et al., 1990). These 

centers are called mushroom bodies. In stomatopod and decapod crustaceans, which 

include the familiar mantis shrimps, shrimps, crabs, and lobsters, projection neurons from 

the primary olfactory centers, called the olfactory lobes, branch to both sides of the 

protocerebrum. In decapods possessing eyestalks, these branches terminate in or beneath 

centers hillocks of neuropil that arise dorsally from the lateral protocerebra (Sullivan and 

Beltz, 2001). These centers are called the hemiellipsoid bodies. Here we address the 

question whether they are homologous to the insect mushroom bodies. 

 As their name suggests, insect mushroom bodies (an anglicization of Dujardin’s 1850 

“corps fongiformes”) indeed look like mushrooms. In insects that have a sense of smell, 

mushroom bodies consist of a pair of cap- or cup-like regions called calyces that 

surmount a stalk, called the pedunculus. The pedunculus projects towards the front of the 

brain where it divides into two lobes. One is called the medial lobe, which extends 

towards the brain’s midline. The other is called the vertical lobe, which extends upwards 

or forwards (Strausfeld et al., 1998). The pedunculus and lobes are composed of many 

thousands of parallel fibers that originate from perikarya grouped together above the 

calyces. There are as many of these extremely small basophilic “globuli cells” as there 
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are parallel fibers in the lobes. The neuropil of the mushroom body’s calyx is mainly 

composed of the dendrites of globuli cells, which are also known as “Kenyon cells” after 

the scientist who discovered them in 1896 (Kenyon, 1896; Howse, 1974). Information 

received by Kenyon cell dendrites is relayed to the pedunculus and lobes by their parallel 

fibers. 

  Inputs to the mushroom body calyces come mainly–in many taxa exclusively– from 

the antennal lobes, which in most species are organized into discrete glomerular modules 

of synaptic neuropil (Schachtner et al., 2005). Each glomerulus is targeted by olfactory 

sensory neurons belonging to a specific population on the antenna, each population being 

defined by the identity of its membrane receptor protein or, if composed of ionotropic 

sensory neurons, their locations in the sensilla on the antenna (Couto et al., 2005, 

Silbering et al., 2011). In insects other than species of Acrididae (e.g., the grasshopper 

Schistocerca gregaria), each glomerulus contains at least two dendritic trees belonging to 

projection neurons that send axons to the protocerebrum via one or more antennal lobe 

tracts (Galizia and Rössler, 2010). The largest of these, the medial antennal lobe tract, 

carries axons that provide collaterals to the mushroom body calyces on the same side of 

the brain (Stocker et al., 1990). Terminals from these collaterals arborize in the calyces 

where they provide presynaptic boutons, each contacted by the postsynaptic spines of 

several Kenyon cell dendrites. These synaptic configurations, which typify insect calyces, 

are called microglomeruli (Leiss et al., 2009). Projection neuron axons of the medial 

antennal lobe tract continue further laterally to end in a region of protocerebral neuropil 

called the lateral horn that also receives the terminals of another set of projection neurons 

extending from the antennal lobe via the lateral antennal lobe tract. The lateral horn 
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neuropil looks very different from that of the mushroom body: it is relatively small, 

approximately lenticular in shape, and is organized into layers, each of which represents a 

cluster of antennal lobe glomeruli (Tanaka et al., 2004).   

 These arrangements in the insect brain are in some respects similar to, in other 

respects different from, those in the brains of decapod crustaceans. In decapods, 

projection neuron dendrites in the olfactory lobes branch extensively and invade many of 

its modules (Schmidt and Ache, 1992). These projection neurons provide axons that 

bifurcate in the medial protocerebrum such that one axonal branch reaches the 

hemiellipsoid body and/or underlying neuropils on one side of the brain and the other 

branch reaches the same neuropils on the other side (Sullivan and Beltz, 2001, 2005). 

Above each hemiellipsoid body, many thousands of small basophilic cell bodies provide 

intrinsic processes that extend into the hemiellipsoid body where they contribute to its 

synaptic organization. However, in decapod crustaceans that possess eyestalks, the 

hemiellipsoid bodies do not possess a distinct calyx, nor are their neuropils lobed. On the 

other hand, observations of the brain of the ghost shrimp, Neotrypaea californiensis, 

which lacks eyestalks, demonstrate similarities between the superficial neuropil of its 

hemiellipsoid body and a mushroom body’s calyces: both are composed of densely 

packed microglomeruli, such as those described within the neuropil of the hemiellipsoid 

body of the crayfish Procambarus clarkii (see Mellon et al., 1992). 

 Differences between the shapes of mushroom bodies and hemiellipsoid bodies, and 

the manner in which they are supplied by projection neurons, and functional properties of 

their cognate neurons, have lead to debates about whether the hemiellipsoid bodies and 

mushroom bodies are homologous. In the 1920s, the Swedish morphologist, Bertil 
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Hanström, insisted on homology (Hanström, 1926). But with some exceptions (McKinzie 

et al., 2003, Stegner and Richter, 2011; Strausfeld et al., 1998; Strausfeld, 2012), other 

recent accounts are either non-committal (Harzsch and Hansson, 2008), or propose 

independent origins for the insect mushroom body and malacostracan hemiellipsoid 

body.  

 The question of homologous versus homoplasic (convergent) evolution of second-

order olfactory neuropils in arthropods is pertinent to broader considerations of the 

evolution of Arthropoda. This is particularly the case in light of studies showing that 

mandibulate arthropods, such as centipedes and millipedes (Sombke et al., 2011), as well 

as chelicerates, such as Limulus and spiders (Fahrenbach, 1977, 1979; Strausfeld and 

Barth, 1993; Strausfeld, 2012), possess centers similar to the mushroom bodies of insects. 

Furthermore, Onychophora, which are lobopod ecdysozoans that are thought to represent 

an ancient arthropod lineage are also endowed with mushroom body-like neuropils 

(Strausfeld et al., 2006). The existence of mushroom bodies and glomerular primary 

olfactory centers in polychaete annelid worms, which are known to exist from the Early 

Cambrian (Vinther, 2011), and which belong to the Lophotrochozoa (Halanych, 2004), 

adds fuel to discussions that challenge orthodox views of arthropod brain evolution 

(Harzsch, 2006; Loesel and Heuer, 2010; Strausfeld and Andrew, 2011; Strausfeld, 

2012). 

 That malacostracan hemiellipsoid bodies look so different from mushroom bodies, as 

defined above, is therefore of considerable phylogenetic interest. Such differences are all 

the more interesting because in one group of crustaceans called Cephalocarida, which is 

thought to represent an archaic crustacean lineage, there are paired protocerebral centers, 
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each of which is supplied by ipsilateral inputs from olfactory glomeruli. These inputs end 

in a distal swelling, above which globuli cells give rise to scores of parallel fibers that 

provide paired lobes (Stegner and Richter, 2011). The lobes give rise to peculiar swollen 

outgrowths, which confer on these second-order olfactory neuropils a morphology that is 

almost identical to that of mushroom bodies in centipedes (Chilopoda) and in 

plesiomorphic insects, such as the apterygote zygentomen Thermobia domestica 

(“firebrat”; Farris, 2005), and the winged Ephemeroptera (mayflies; Strausfeld et al., 

2009). Both of these taxa probably represent archaic lineages (Ishiwata et al., 2011). 

 Observations on Cephalocarida further underline the question of whether the 

hemiellipsoid bodies in malacostracan crustaceans might be highly modified mushroom 

bodies, or whether they are novel structures serving an olfactory lobe supplied by 

olfactory sensory neurons very different from those of insects. The molecular identity of 

odor-activated ion channels in decapod olfactory sensory neurons has not yet been 

ascertained, whereas olfactory sensory neurons of insect are predominantly tuned to 

specific ligands recognized by their olfactory receptor protein ion channels (Fishilevich 

and Vosshall, 2006). 

 Measured against what is known about the cellular organization of the insect 

mushroom bodies, there is a paucity of data about how identified neurons contribute to 

the organization of any hemiellipsoid body. We suggest that a better understanding of the 

neuronal organization of these centers should help to resolve the issue of whether or not 

they are homologous to insect mushroom bodies. Here we describe neuronal organization 

in the hemiellipsoid body of the land hermit crab Coenobita clypeatus  (Crustacea, 

Anomala, Coenobitidae; Fig. 1A), a species chosen because it is terrestrial as an adult 
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having antennules equipped with olfactory sensilla typical of marine crustaceans, like its 

larger cousin, the coconut crab Birgus latro (Stensmyer et al., 2005).  

 The hemiellipsoid bodies of C. clypeatus are particularly suitable for neuroanatomical 

observation because of their organization into repeat structures consisting of laminae 

arranged within nested divisions, each distinguished by its affinities to certain antisera. 

Such precise cellular architecture is amenable to light and electron microscopic analysis 

using a palette of neuroanatomical methods, including Golgi procedures.  Together, these 

techniques allow comparisons with mushroom bodies of insects; particularly species that 

like C. clypeatus are long-lived and have well-defined mushroom body substructures. 

The American cockroach Periplaneta americana is one such species suitable for 

comparison, because in addition to its precise neuroanatomical organization, it shares 

functional attributes with land hermit crabs, such as allocentric behaviors based on 

olfactory perception (see Krieger et al., 2010). The neural basis of place memory and 

allocentric behavior in P. americana has been accorded to their mushroom bodies 

(Mizunami et al., 1998). 

 The general organization of the brain of C. clypeatus has recently been described by 

Harzsch and Hansson (2008) and requires no further description here other than to 

emphasize that, in most respects, neuropils that comprise its brain typify those of other 

land hermit crabs such as the giant robber crab Birgus latro (Krieger et al. 2010).  The 

exceptional feature of the brains of these two species of land hermit crabs is the extreme 

diminution of the deutocerebrum’s accessory lobes, glomerular neuropils that typify all 

reptantian decapods (see, Sandeman et al., 1993). Compared with other reptantians, the 

olfactory lobes and hemiellipsoid bodies of land hermit crabs have undergone extreme 
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hypertrophy, although not at the expense of other centers of the protocerebrum, which are 

not particularly reduced. In insects, a similar hypertrophy is seen in the cockroach, the 

mushroom bodies of which are amongst the largest of any insect species.  

 The present account focuses on the neuroanatomical organization of the hemiellipsoid 

body, demonstrating that the organization of its neurons is homologous to the 

organization of neurons in the insect mushroom body despite differences in overall shape. 

We document and discuss evidence that suggests that the characteristic structure of the 

hemiellipsoid body has likely evolved from a mushroom body ground pattern. A 

companion account (Brown and Wolff, 2012) describes further fine structural 

correspondences between hemiellipsoid bodies and mushroom bodies. 

 

Materials and Methods 

Research Animals 

Cockroaches (P. americana) were obtained from breeding colonies in the Department of 

Neuroscience, University of Arizona.  Caribbean hermit crabs (C. clypeatus) were 

purchased from Carolina Biological Supply (Burlington, North Carolina). Ghost shrimps 

(Neotrypaea californiensis: Crustacea, Eucarida, Callianassoidea) were collected from 

the mud flats at False Bay, San Juan Island, and processed at the University of 

Washington’s Friday Harbor Laboratories. 

 

Fluorescent dye tracing of afferent neurons 

Live hermit crabs were immobilized by cooling to 4˚C, and their brains were removed 

from the head capsule under cold physiological saline, containing 10% sucrose. The tip 
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of a pulled glass electrode was broken and stuck to a crystal of either Texas red-

conjugated 3000 MW dextran or DiA lipophilic dye (Life Technologies, Grand Island, 

NY). The dye crystal was placed into the olfactory lobes by hand.  Brains receiving 

Texas red-conjugated dextran were bathed in a solution of physiological saline and 

sucrose and incubated for 3-4 h in a glass vial wrapped in tin foil before fixation in 4% 

paraformaldehyde in phosphate-buffered saline (PBS).  Brains treated with DiA were 

immediately fixed in a solution of 4% paraformaldehyde in PBS and incubated for 3 

weeks at 4˚C.  Next, the eyestalks were detached from the central brain and these were 

again fixed for 1 h in a fresh solution of 4% paraformaldehyde in PBS before being 

embedded in a medium of porcine gelatin and albumin.  Hardened blocks were sectioned 

on a Leica vibratome, further processed for immunohistochemistry, and viewed with a 

Zeiss Pascal confocal microscope. 

 

Histology 

Golgi impregnations. Hermit crabs were immobilized by cooling to 4oC. The antennae 

and antennules were cut off the head at their base, mouthparts were removed, and the 

rostrum opened while submerged in cold (4oC) chromation solution comprising a mixture 

of 2.5% potassium dichromate containing 10% sucrose. The anterior part of the head 

containing the brain was then cut away from the body and placed in a vial of cold fresh 

fixative consisting of 5 parts chromation solution and 1 part 25% glutaraldehyde for 4 

days. For cockroaches, cold-immobilized animals were decapitated and their brains 

removed from the head capsule immersed in cold chromation fluid containing 1.3% 

sucrose solution. Tissue was cleaned of muscle, fat bodies, and tracheae. Brains were 
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then placed in a 1:5 mixture of 25% glutaraldehyde and 2.5% potassium dichromate 

containing sucrose (4 days at 4°C). Subsequently, cockroach material was treated as 

follows. Brains were washed in several changes of 2.5% potassium dichromate (without 

sucrose). This was followed by a second chromation (3 days at 4°C) in 2.5% potassium 

dichromate and 1% osmium tetroxide (99:1). Tissue was then swirled very briefly (a few 

seconds) in distilled water and then immersed in 0.75% silver nitrate. After 3 days 

impregnation, brains were dehydrated, embedded in plastic, and serial sectioned at 30 

mm. Brains of C. clypeatus were processed with triple impregnation to increase the 

number of fibers impregnated, especially in the dense hemiellipsoid bodies. After the first 

silver nitrate treatment, tissue was washed in distilled water and placed again in 

dichromate-osmium for 2 days and then placed in 0.75% silver nitrate for 2 days 

followed by a third round of impregnation where each impregnation step lasted 24 hours 

before dehydration, embedding in epoxy resin, and serial sectioning. 

 

Reduced silver staining. Bodian's (1936) original method was used on brains fixed in 

AAF (16 ml 80% ethanol, 1 ml glacial acetic acid, 3 ml 37% formaldehyde), dehydrated, 

cleared in terpineol, and embedded in Paraplast Plus (Sherwood Medical, St. Louis, MO).  

No modifications were necessary for P. americana tissue, but copper concentration was 

increased from the standard 0.8% to 2.4% for C. clypeatus. 

 

Antibodies 

Details pertaining to antibodies used in this study are summarized in Table 1. The 

monoclonal antisera against synapsin (3C11, “SYNORF1”), and allatostatin (5F10), were 
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used at a concentration of 1:100, and were developed by E. Buchner (synapsin), and B. 

Stay (allatostatin).  These antisera were obtained from the Developmental Studies 

Hybridoma Bank developed under the auspices of the NICHD and maintained by The 

University of Iowa, Department of Biology, Iowa City, IA. The antisera were used at a 

concentration of 1:100 in PBS. Specificity of the SYNORF1 antibody was tested in a 

western blot assay using tissue from C. clypeatus and Drosophila melanogaster, 

producing bands at the expected molecular weights; the first band between 80-90 kD and 

the second band at 148 kD (Harzsch and Hansson, 2008).  Preadsorption of brain tissue in 

the cockroach Diploptera punctata with the antigen used to create the antiserum against 

allatostatin eliminated immunoreactivity (Stay et al., 1992).  Although this antigen is no 

longer available for further preadsorption experiments, allatostatin-like peptides, and 

especially their C-terminal regions are highly conserved in Crustacea, such as the 

crayfish, Procambarus clarkii, so this antiserum likely labels many related peptides in C. 

clypeatus (Sullivan et al., 2007).  

 Rat monoclonal antiserum to tachykinin and antiserum against substance P were 

added to buffered saline at a concentration of 1:300 (Abcam, Cambridge, MA). Although 

it is unlikely that this antiserum is recognizing a peptide of the same sequence as 

substance P in C. clypeatus, many tachykinin-like peptides have been described in closely 

related crustaceans such as Cancer borealis.  Of these, the peptide of sequence, 

APSGFLGMRamide first discovered in Cancer borealis (Christie et al., 1997), is the 

most similar in structure to Substance P and is likely to be labeled by the same antisera. 

 Anti-neuropeptide F (NPF), a generous gift from Dr. Ping Shen, The University of 

Georgia, was added to buffered saline at a concentration of 1:1000. Real-time PCR 
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profiling in the brain tissue of another decapod crustacean, the shrimp Litopenaeus 

vannamei, revealed the presence of NPF transcripts (Christie et al., 2011). The 36 amino 

acid peptide used as the immunogen is the full length of the mature Drosophila NPF 

(dNPF) protein.  The form used by us has been employed exclusively as a 

neuroanatomical marker of structures, but has not been used to infer homologies. This is 

because without additional preadsorption procedures, the antiserum has been shown to 

label NPF-containing cells, as identified by in situ hybridization, but it is also known to 

cross react with FMRFamide-related neuropeptides (Shen and Cai, 2001). 

Assuming the epitope is conserved across Crustacea, this antiserum is likely labels NPF-

like peptides also in C. clypeatus. 

 The antiserum against FMRFamide was a generous gift from Dr. E. Marder, Brandeis 

University, Waltham, MA and was used at a concentration of 1:100. The specificity of 

this antibody in identifying FMRFamide was demonstarted by Marder et al. (2004) using 

a radioimmune assay in the crab Cancer borealis, belonging to Brachyura, a sister group 

of Anomura to which C. clypeatus belongs. 

 Anti-DC0, a generous gift made by Dr. Daniel Kalderon (Lane and Kalderon, 1993) 

was used at a concentration of 1:250 for immunohistochemistry and 1:2500 for western 

blot assays. This antibody recognized a band of the expected molecular weight at 

approximately 39 kD on a western blot comparing tissue of both C. clypeatus and P. 

americana (see Fig. 6A).  

 Rat monoclonal antiserum against actin was used at a concentration of 1:250 (Abcam, 

Cambridge, MA). The monoclonal antiserum against alpha-tubulin (12G10) was 

developed by Drs. J. Frankel and E.M. Nelsen and was obtained from Developmental 
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Studies Hybridoma Bank as previously described. The ancient and highly conserved 

nature of actin and tubulin suggest that antibodies raised against them recognize these 

proteins across a broad range of Metazoa, including C. clypeatus. 

 

Immunohistochemistry 

Animals were immobilized by refrigeration at 4˚C and the brains were dissected free in 

cold (4˚C) fixative containing 4% paraformaldehyde in PBS of pH 7.4, (PBS tablets 

obtained from SIGMA, St. Louis, MO); 10% sucrose was added to the fixative solution 

for C. clypeatus and N. californiensis. Brains were fixed in a microwave at 18˚C for two 

cycles of 2 min with power and 2 min under vacuum.  Next, the brains were left in fresh 

fixative overnight at 4˚C.  The next day, brains were washed three times over 10 min 

each in PBS and then embedded in albumin gelatin.  The embedded tissue was cut into 

60µm serial sections using a vibratome (Leica, Nussloch, Germany). Sections were 

placed one in each well of a well plate for further processing. 

Sections were washed in PBS containing 0.5% Triton X-100 (Electron 

Microscopy Supply, Cat.#22140; PBS-TX) six times over 20 min. Then 50 µL swine 

serum was added to each well containing 1000 µL PBS-TX.  After 1 h, primary antibody 

or antiserum was added to each well and the well plate was left on a shaker overnight at 

room temperature.   

 The next day, sections were six times over three hours in PBS-TX. Then, 1000 µL 

aliquots of PBS-TX were placed in tubes with 2.5 µL of secondary Cy2, Cy3, or Cy5 

conjugated IgGs (Jackson ImmunoResearch, West Grove, PA) and centrifuged at 13,000 

rpm for 15 minutes at 4oC. A 900-µL aliquot of this solution was added to each well. The 
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well plate was left on a shaker to gently agitate the sections, overnight at room 

temperature. 

 Tissue sections were then washed in PBS six times over three hours, embedded on 

glass slides in a medium of 25% polyvinyl alcohol, 25% glycerol and 50% PBS and then 

imaged on the confocal microscope. Where applicable, sections were incubated in the 

fluorescent nuclear stain Syto-13 (Life Technologies, Grand Island, NY) at a 

concentration of 1:4000 prior to embedding on glass slides. 

Western Blots 

Brain tissue for C. clypeatus and P. americana was homogenized in lithium dodecyl 

sulfate sample buffer with a protease inhibitor cocktail (SIGMA, St. Louis, MO) and run 

under reducing conditions. The Novex electrophoresis system was used for protein 

separation as described by Gibson and Tolbert (2006). 

 

Electron Microscopy 

Brain tissue was fixed overnight at 4°C using 4% paraformaldehyde, 3% glutaraldehyde, 

and 0.1% picric acid in 0.45 M cacodylate buffer (pH 7.4). The next day, tissue was 

washed three times in cacodylate buffer and post-fixed in 1% OsO4 solution in cacodylate 

buffer for 1 h at room temperature.  After rinsing again in cacodylate buffer, the tissue 

was incubated in 2% uranyl acetate solution in distilled water for 1 h, dehydrated through 

a graded ethanol series, and embedded in Embed 812 epoxy resin (Electron Microscopy 

Sciences, Hatfield, PA). The resin was polymerized for 48 h at 60°C.  Semithin sections 

(1.5 µm) were cut on a Leica Ultracut S ultramicrotome and post-stained with methylene 

blue. Ultrathin sections (80 nm) were cut on the same ultramicrotome and collected on 
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formvar-coated copper slot grids.  Sections were then viewed in a Phillips CM12 

transmission electron microscope and digital images were collected with an AMT digital 

camera (AdvancedMicroscopyTechniques.com). 

 

Imaging and Reconstruction 

Confocal reconstructions were made with an LSM 3 Pascal confocal microscope (Zeiss, 

Oberkochen, Germany).  From 10 to 30 images of 1,024 x 1,024 pixel resolution at 12-bit 

color depth were scanned by using 20x/0.5 plan Neofluar, 40x/1.0 oil iris plan 

apochromat, or 63x/1.4 oil differential interference contrast (DIC) plan apochromat 

objectives.  Selected images were digitally assembled and adjusted for brightness and 

contrast using Adobe Photoshop CS4 (Adobe Systems, San Jose, CA). Colors were 

adjusted so that differently labeled structures could be distinguished both by those with 

normal or protanopic color vision. Light microscopy images were obtained with a Zeiss 

AxioImager Z.2. Step focus series (0.5-1.0 mm increments) of stitched images were 

reconstructed using the software Helicon Focus (Helicon Soft, Kharkov, Ukraine).  For 

reconstructions of the hemiellipsoid body components, material fixed for electron 

microscopy was embedded in epoxy resin. Serial sections cut at 1 mm were stained with 

methylene blue.  Image stacks of these sections were imported to the software 

Reconstruct (Fiala, 2005), aligned, traced and rendered for 3-dimensional reconstruction 

(see Fig. 1C, E-G). 

 

Results 

Overview of hemiellipsoid body morphology 
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The brain of Coenobita clypeatus, shown in Figure 1, is located quite superficially 

beneath the cuticle at the anterior of the head capsule and its volume is predominantly 

made up of its paired olfactory lobes. These primary olfactory centers project 

heterolaterally to the lateral protocerebra via the olfactory globular tracts. The lateral 

protocerebra, located within the eyestalks, comprise several discrete neuropils including 

the “medulla terminalis.” Distal to each medulla terminalis is the optic lobe, composed of 

four nested neuropils: the lamina, medulla, lobula, and a diminutive lobula plate. The 

medulla terminalis is a generic term for several closely packed, but clearly delineated 

neuropils. These include the optic glomeruli, small ovoid centers, each of which receives 

the terminals of an assemblage of retinotopic neurons in the lobula. Other neuropils of the 

medulla terminalis receive inputs from the hemiellipsoid body as well as some of the 

afferents from the olfactory globular tract. The hemiellipsoid body, surmounting the 

medulla terminalis, is the largest component of the lateral protocerebrum. Injections of 

dextran-coupled Texas red demonstrate that the hemiellipsoid body receives a massive 

supply of afferent inputs from the olfactory lobes via the olfactory globular tract, as well 

as axons from the very small accessory lobes. Counts of axonal cross sections in the 

olfactory globular tract, at a level just after its exit from one of the olfactory lobes 

estimate that in a full-grown hermit crab about 20,000 projection neuron axons 

participate in each tract (Brown and Wolff, 2012). Lateral and dorsal to the hemiellipsoid 

body, a prominent cluster of small basophilic globuli cells (gc) partly covers its outermost 

neuropil layer (the cap) and provides neurites that project into the hemiellipsoid body 

where they give rise to systems of intrinsic neurons (see below). It is estimated that there 

are slightly fewer than 125,000 globuli cells per hemiellipsoid body in a full-grown 
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animal (see Brown and Wolff, 2012).   

 Neurites originating from the globuli cells form a thick sheet of fibers that partially 

envelops the hemiellipsoid body’s core neuropil (Cr), separating it from a superficial 

layer called the “cap”. We have termed this layer of fibers the globuli cell fiber-

intermediate layer (gcf-il). As shown in Figure 1, fibers in the gcf-il split off collaterals 

that form a sheet of processes that extend down through the core neuropils, dividing them 

into two contiguous zones although there is connectivity between them. All of these 

collaterals terminate either within core neuropils or in neuropils of the medulla terminalis 

lying immediately beneath the hemiellipsoid body. We have given the name “curtain” 

(ctn) to this sheet of globuli cell fiber collaterals that bisects the core neuropils. 

 The core is concentrically divided into three nested subregions, Cr-1, Cr-2, and Cr-3 

where Cr-1 is located dorsally beneath the gcf-il and Cr-3 located medially above the 

medulla terminalis (Fig. 1B).  Although these subregions are not easily seen by most light 

microscopy techniques, they can be differentiated by immunolabeling with antisera 

against neuropeptide F (NPF), synapsin, and substance P, the latter belonging to the 

tachykinin neuropeptide family (Fig. 2).  While the entire lateral protocerebrum shows 

synapsin-like immunoreactivity, Cr-2 is distinguishable from Cr-1 and Cr-3 by its strong 

labeling with an NPF antiserum.  Cr-1 is the only core neuropil that shows a substantial 

amount of substance P-like immunoreactivity and is innervated by NPF-like 

immunoreactive interneurons that infiltrate the cap and globuli cell cluster (Fig. 2, inset). 

 Three-dimensional reconstructions of the hemiellipsoid body are necessary to 

understand how these various structures fit together (Fig. 1C, E-G).  Reconstructions 

show that the core and cap neuropils are contiguous, wrapping around parts of the gcf-il 
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and folding into a chamber formed by the ctn and gcf-il.  Digitally removing the core 

uncovers the finer structure of the olfactory globular tract as it terminates in the 

hemiellipsoid body, sending fingers of fiber tracts into the core neuropils (Fig. 1G). The 

curtain is shown to branch out into finger-like projections that interweave with some of 

the olfactory globular tract terminals (Fig. 1F) 

  

Afferent inputs from the olfactory lobes 

To identify olfactory projection neurons terminating in the hemiellipsoid body, we placed 

the lipophilic fluorescent tracer DiA unilaterally into one olfactory lobe (see Materials 

and Methods). This dye entered axons occupying the ipsilateral olfactory globular tract 

from the treated antennal lobe, continuing via the ascending portions of the tract into the 

eyestalks on both sides of the brain.  This bilateral migration of the dye was expected, 

however, because Golgi impregnations showed that the axons of individual projection 

neurons bifurcate at the midline to send an axon branch to both eyestalks. Figure 3A 

shows labeled axons entering the hemiellipsoid body from the olfactory globular tract and 

then spreading out as broad swatches into the cap neuropil and the three nested core 

neuropils, Cr-1, Cr-2, and Cr-3. Some axons also invade neuropils of the medulla 

terminalis through smaller fiber bundles. To resolve the structure of individual terminals 

of these olfactory projection neurons, we then applied Texas-red conjugated dextran 

tracer to the olfactory lobes of living immobilized animals. This dye was also transported 

to the hemiellipsoid bodies (Fig. 3B) and, at higher magnifications, brightly stained axon 

terminals could be well resolved, particularly where they were densely packed in the core 

and cap neuropils (Fig. 3D-F). 
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 Incoming axons to the hemiellipsoid body from the olfactory globular tract were 

examined in sections of Golgi impregnated brains.  Fibers from the olfactory lobe shown 

in Figure 3G-J are characterized by wide bead-like axon terminals that resemble the 

terminal rosettes of the olfactory globular tract previously described in the crayfish 

hemiellipsoid body by Mellon et al. (1992). In the hermit crab, these axons form bundles 

in the core that are often accompanied by thinner parallel processes with which several 

axon terminals converge to form microglomeruli (see Brown and Wolff, 2012, and Fig. 

3G, I). Fibers of the hemiellipsoid body intrinsic neurons intersect olfactory terminal 

axons perpendicularly to form a rectilinear arrangement of interconnections in core 

neuropil (Fig. 3J). 

  

Intrinsic cells of the hemiellipsoid body 

Compared with the varicose terminals of olfactory projection neurons, axon-like 

processes comprising the gcf-il are larger in diameter and have smooth profiles 

suggesting that they do not participate in synaptic complexes (Fig. 3C). These processes 

originate as neurites from the globuli cells clustered above the hemiellipsoid body (Fig. 

4A). Golgi impregnations of these intrinsic neurons show that processes forming the gcf-

il also give rise to a system of collateral branches. These comprise the curtain (ctn) that 

extends vertical through the nested core neuropils. Thus, each globuli cell contributes a 

fiber to the gcf-il lying above the core, separating it from the cap, and a stout collateral 

fiber to the curtain, which penetrates the core (Fig. 4B, D). The fibers in the curtain give 

rise to many smaller collaterals that extend into the core neuropil where they branch 

repeatedly. These many finer branches are decorated with postsynaptic specializations 
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similar to those that decorate the dendrites of Kenyon cells in the calyces of insect 

mushroom bodies (Fig. 4D, E). Likewise, fibers of the gcf-il provide collaterals that 

extend into the cap neuropil to one side and into the core neuropils on the other (Fig. 4C). 

These collaterals also branch profusely. Fibers in the gcf-il having a serpentine-like 

trajectory provide collaterals, the branchlets of which are decorated with claw-like 

specializations such as seen in Figure 4C and the inset in Figure 4 E. These 

specializations resemble specializations of class II (clawed) Kenyon cells. Fibers in both 

the gcf-il and ctn provide collaterals, the branches of which are decorated with thorn- or 

spine-like specialization (Fig. 4E), reminiscent of class I Kenyon cells (Farris et al., 

2004). 

 

Comparative Immunoreactivity 

An antibody raised against DC0, the major catalytic subunit of protein kinase A (PKA-C; 

Skoulakis et al., 1993; Lane and Kalderon, 1993) is used as a marker for mushroom 

bodies in dicondylic insects (Farris, 2005; Zhao et al., 2008; Strausfeld et al., 2009).  To 

investigate if this antibody suggests a correspondence between the second-order olfactory 

neuropils in C. clypeatus and those of the American cockroach, P. americana, we 

compared DC0 immunoreactivity in the brains of both species (Fig. 5).  In the hermit 

crab’s lateral protocerebrum, the hemiellipsoid body and some neuropils of the medulla 

terminalis immediately beneath it are selectively immunoreactive to an antibody raised 

against DC0 (see Material and Methods).  Anti-DC0 labeling was absent or diffuse in 

other parts of the brain, with the exception of the lower division of the crustacean central 

body (CC, Fig. 5 inset), which was also strongly labeled.  In the cockroach, the 
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mushroom body lobes and calyces show strong DC0 immunoreactivity as does the 

ellipsoid body, which is the lower division of the central body in insects. 

 Western blot assays of brain homogenates of both the land hermit crab and cockroach 

demonstrated that the DC0 antibody labels the expected ~39 kD band of a protein from 

both that is homologous to the PKA-C subunit of Drosophila melanogaster recognized as 

a band of about 40 kD (Li et al., 1996). These results demonstrated that the DC0 antibody 

identifies a homologous epitope in C. clypeatus and P. americana (see Fig. 6A) and that 

immunolabeling shows the epitope at high levels in the second-order olfactory neuropils 

in both of these species. In the silk moth Bombus mori, the same antibody recognized a 

band of 42 kD and also selectively labels Kenyon cells in that species (Fukushima and 

Kanzaki, 2009). 

 Cross sections of the hermit crab’s hemiellipsoid body and the cockroach mushroom 

body immunolabeled with anti-DC0 antibody reveal a laminar organization of both 

structures (Fig. 6B-F).  In the hemiellipsoid body, the intrinsic cells of the gcf-il show 

strong immunoreactivity (Fig. 6C), a feature that reveals the regular arrangement of 

immunoreactive profiles in the core neuropil formed by the thinner processes extending 

from the larger gcf-il fiber bundles (Fig. 6, inset c). Cross sections of the pedunculus and 

lobes of the cockroach mushroom body show that parallel fibers belonging to Kenyon 

cells are prominently arranged in a laminar motif with alternating weak and strong DC0 

immunoreactive layers (Fig. 6D and inset d). 

 Correspondence of immunoreactivity of neurons in the hemiellipsoid body and 

mushroom body was further explored using an antiserum raised against FMRF-amide 

that has previously been characterized in decapod crustaceans (Marder et al, 2004).  In C. 
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clypeatus, this antiserum resolved large neurons in that part of the medulla terminalis 

underlying the inner core neuropil of the hemiellipsoid body. In the Cr-2 and Cr-3 core 

neuropils, FMRFamide antiserum further resolved the laminar motif of the hemiellipsoid 

body, showing alternating layers of strong and weak labeling (Fig. 6E; see also Harzsch 

and Hansson, 2008, Fig. 15).  In the cockroach mushroom body, FMRF-amide antiserum 

showed intense labeling in the γ-lobe and alternating labeling in the ß-lobe, again 

highlighting the laminar motif of this center (Fig. 6F). 

 

Structural correspondences of the hemiellipsoid body and mushroom body 

Olfactory afferents and horizontal local interneurons in the crab hemiellipsoid body form 

a rectilinear network with efferent fibers that run perpendicular to the gcf-il (Fig. 6G).  

This organization is like the rectilinear motif seen in the cockroach mushroom body 

lobes, where Kenyon cells projecting from the calyces form networks with perpendicular 

efferent fibers extending to other areas of the protocerebrum (Fig. 6H).  At a higher 

magnification to show finer detail, electron micrographs demonstrate large fiber bundles 

arranged in parallel that traverse the hemiellipsoid body’s core neuropil. This 

organization mirrors that found in the cockroach mushroom body ß-lobes (Fig. 6I and J). 

 A motif that typifies synaptic architecture in insect mushroom bodies is the presence 

of microglomeruli in the calyces.  In insects, microglomeruli are synaptic complexes, 

each composed of a central component provided by one of the many swellings (boutons) 

of axon collaterals belonging to antennal lobe projection neurons. Typically, the bouton is 

presynaptic to a surround of small profiles that belong to Kenyon cell dendrites 

(Yasuyama et al., 2002). Light microscopy resolves the central presynaptic component as 
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rich in synapsin, a docking protein of synaptic vesicles, and the surround postsynaptic 

spines rich in actin (Groh and Rössler, 2011). In C. clypetaus, core neuropil contains 

comparable formations, except that each afferent neuron bouton is denoted by clustered 

synapsin immunoreactivity surrounding a punctate actin core (Fig. 7A, B and inset). 

Electron microscopical examination of the same regions suggests that each 

immunoreactive cluster corresponds to a cloud of synaptic vesicles adjacent to a 

presynaptic ribbon. This distribution can contrast with the boutons of an insect calyx, 

when synaptic vesicles are distributed throughout the volume of the bouton. (see Brown 

and Wolff, 2011, Figure 6). Thus, with minor distinctions, there is corresponding 

microglomerular organization in both the mushroom body calyces and the hemiellipsoid 

body. 

 

Hemiellipsoid body organization in the lateral protocerebrum of the ghost shrimp. 

One possible explanation for the characteristic dome-like shape of the hemiellipsoid body 

is that restricted volume available in the eyestalks exerts a developmental constraint on 

what would otherwise develop mushroom body-like lobes. To test this we examined the 

brain of another species of reptantian crustacean, the ghost shrimp Neotrypaea 

californiensis. Whereas most larval reptantians eventually develop eyestalks, N. 

californiensis lacks eyestalks even as an adult. As a consequence, the entire 

protocerebrum, including its small optic lobes, is located within the head capsule.  The 

hemiellipsoid body and medulla terminalis receive afferent inputs from the olfactory 

lobes and accessory lobes via the olfactory globuli tract (Fig. 8A). Labeling the brain 

with anti-DC0 antibody demonstrates that the inferior neuropil of the hemiellipsoid body 
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shows strong DC0 immunoreactivity, and suggests an extremely short lobe-like structure 

rather than an outward swelling typical of hemiellipsoid bodies in eyestalks.  The DC0 

antibody also labeled processes connecting the hemiellipsoid body to a cluster of cell 

bodies located medially in the brain, suggesting the location of relatively few globuli 

cells (Fig. 8B and C).  However, these neurons presumably provide many dendrites 

because, as in the core neuropils of the C. clypeatus hemiellipsoid body and the calyces 

of insect mushroom bodies, neuropil situated dorsally in the N. californiensis 

hemiellipsoid body is shown to be composed of hundreds of microglomeruli, each 

denoted by a synapsin-rich core surrounded by a cluster of small profiles denoted by their 

affinity to β-tubulin (Fig. 8D).  

 

Discussion 

The present results provide evidence for neuroanatomical features that show 

correspondence of the anomuran hemiellipsoid body and the insect mushroom body. One 

striking indicator is that DC0 immunoreactivity, a reliable mushroom body marker in 

insects, labels the hemiellipsoid body and part of the underlying medulla terminalis. In 

both the cockroach and hermit crab, the lower part of the central complex also selectively 

shows strong immunoreactivity for DC0.  Western blot assays show that the DC0 

antibody recognizes the expected band for the PKA-C subunit at ~39 kD in both the 

insects and hermit crab, so demonstrating recognition by the antibody of the same protein 

in what are interpreted here as corresponding structures. A role claimed for PKA in 

insects is its involvement in the facilitation of learning and memory, as demonstrated by 
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poor performance in olfactory learning tasks by DC0-negative mutants (Skoulakis et al., 

1993). The high concentration of DC0 immunoreactivity in the hemiellipsoid body of the 

hermit crab suggests a comparable role for the hemiellipsoid body as a learning and 

memory center. 

 Incidental support for a commonality of the hemiellipsoid body and mushroom body 

is provided by the affinity of both to antiserum raised against FMRFamide. Neuropil 

immediately beneath Cr-3 recognizes this antiserum (Fig. 6E), as does the γ-lobe of the 

cockroach mushroom body. More distal Cr-2 and Cr-1 laminae of the hemiellipsoid body, 

and laminae in a and b lobes of the cockroach mushroom body, also demonstrate affinity 

to anti-FMRFamide, as do equivalent parts of the mushroom bodies of the moths 

Spodoptera littoralis and Bombyx mori (Sjöholm et al, 2006; Fukushima and Kanzaki, 

2009). 

 The mushroom body and hemiellipsoid body share a number of neuroanatomical 

traits. For example, intrinsic neurons of the mushroom body, and those of hemiellipsoid 

bodies, derive from a cluster of several thousand minute basophilic globuli cells 

(Strausfeld et al., 2009) located immediately above these centers.  In both hemiellipsoid 

bodies and mushroom bodies, arborizations provided by globuli cells form networks that 

interact with projection neuron terminals from the olfactory/antennal lobes and provide 

inputs to efferent neuron dendrites at different levels along their lobe or through the core 

neuropils (Fig. 9). This network comprises an approximately rectilinear organization that 

can be readily identified in Golgi-impregnated brains (Fig. 6G and H). Another 

diagnostic feature of the insect mushroom body that can also be recognized in 
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hemiellipsoid bodies is the organization of microglomerular units at the level of the 

terminals of projection neurons. The synaptic and immunocytological organization of 

microglomeruli, described from insects (Yasuyama et al., 2002; Groh and Rössler, 2011), 

correspond to microglomeruli in the hemiellipsoid body of the reptantian Procambarus 

clarkii (Mellon et al., 1992). Microglomeruli reported in this account occur in the 

laminated core neuropil of C. clypeatus and in neuropil immediately dorsal to the DC0-

positive region of the hemiellipsoid body in the ghost shrimp, N. californiensis. Despite 

varying in size and number (Groh and Rössler, 2011), microglomeruli provided by 

olfactory afferent terminals synapsing onto interneuron dendrites are part of the ground 

pattern of second-order olfactory centers. They are ubiquitous to the euarthropod taxa 

summarized in Fig. 10. 

 

Hemiellipsoid body-mushroom body correspondences: function.  

Studies on the hemiellipsoid body of the crayfish Procambarus clarkii, which is a 

reptantian decapod, have debated whether there are functional similarities between the 

hemiellipsoid bodies and mushroom bodies and whether neurons in these structures are 

morphologically comparable. A focus has been on large neurons that link the 

hemiellipsoid body with a center belonging to the underlying lateral protocerebrum. 

These neurons, which were originally termed “hemi-ellipsoid interneurons” (Mellon et 

al., 1992), later renamed “lateral protocerebral neurons” (Mellon and Alones, 1997; 

Mellon and Wheeler, 1999), are now known as “parasol cells” (Mellon, 2000) because of 

the characteristic umbrella-like profiles of their profuse arborizations beneath the outer 

margin of the hemiellipsoid body (McKinzie et al., 2003). Recordings from parasol cells 
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of P. clarkii show them to be readily triggered by visual stimuli (Mellon, 2003). They 

also respond to haptic, visual and olfactory stimuli, so demonstrating the involvement of 

the hemiellipsoid body in P. clarkii in multimodal integration. Mellon and collaborators 

have resolved about 200 parasol cells, which form two distinct functional groups in two 

domains of the hemiellipsoid body, called neuropils I and II. Paired recordings from 

parasol cells show that within their group, their subthreshold membrane potential 

oscillations are tightly coupled as are their spontaneous action potentials. However, dual 

recordings of parasol cells belonging to different groups show these not to be coupled. 

Mellon and Wheeler (1999) suggest that the oscillatory activity of a group derives from 

local interneurons in the hemiellipsoid body, whereas synchronous spiking activity is 

driven by projection neurons relaying from the olfactory lobes terminating on collateral 

dendrites at the base of the hemiellipsoid body (Mellon and Alones, 1997; Mellon, 2003). 

Responses by parasol cells to multimodal stimuli are initiated at their dense outer 

“parasol” dendrites. Chemosensory and haptic inputs onto parasol cells derive from the 

ipsi- and contralateral accessory lobes, which are multisensory centers in the 

deutocerebrum that are peculiar to reptantian decapods. Accessory lobes provide the 

major afferent supply to the hemiellipsoid bodies in Reptantia, whereas the olfactory 

lobes supply neuropils of the medulla terminalis beneath the hemiellipsoid bodies 

(Mellon and Alones, 1997). Amongst Reptantia, the exception to this segregated input is 

in hermit crabs, and possibly other Anomura, in which the accessory lobes are greatly 

reduced and the olfactory lobe outputs supply the entire hemiellipsoid body, which is 

their ancestral target.   

 It has been proposed that in the crayfish, parasol cells and local interneurons together 
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provide networks of inhibitory and excitatory interactions, the activities of which 

integrate ambient sensory stimuli with transient multimodal information (Mellon, 2000). 

Because of their coupled oscillatory responses and brief responses to sensory stimulation, 

the electrophysiological properties of parasol cells have been likened to those of Kenyon 

cells (McKinzie et al., 2003). Parasol cells and Kenyon cells exhibit functional coupling 

of subthreshold membrane oscillations. In insects, local inhibitory neurons contribute to 

coupled oscillations of Kenyon cells (Perez-Orive et al., 2002), while strong sensory 

stimuli provided by electrically synchronized ensembles of projection neurons from the 

antennal lobes evoke synchronous impulse bursts in small subsets of the many thousands 

of Kenyon cells that contribute to the lobes (for review, see Stopfer, 2007).  

 However, two observations speak against the notion that parasol cells may be 

homologous to Kenyon cells. The first is that, whereas parasol cells respond to 

simultaneous combinations of multimodal stimuli (McKinzie et al., 2003), subsets of 

Kenyon cells in the mushroom bodies are tightly coupled to one modality only, even in 

insects such as honey bees, in which mushroom body calyces receive several sensory 

inputs (Szyszka et al., 2005).  In honey bees, sensory relays to the calyces are segregated 

into discrete modality-specific territories where they serve discrete populations of 

Kenyon cells (Gronenberg, 2001). Another difference between parasol cells and Kenyon 

cells relates to the location of their cell bodies and the number of neurons. Kenyon cell 

perikarya (globuli cells) lie dorsally, above the calyces, and can number in the tens of 

thousands (see, for example, Witthöft 1967). Parasol cell perikarya, which in the crayfish 

number about 200, are situated ventral to the medulla terminalis. However, clear 

candidates for homology would be the thousands of basophilic cell bodies clustered 
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above the hemiellipsoid body and, at an equivalent location in insects and most other 

arthropods, clustered above the mushroom body calyces (Fig. 10). In both crustaceans 

and insects, these cells provide the intrinsic elements of the two neuropils.  

 There are, however, neurons belonging to the mushroom bodies that behave like 

parasol cells in showing oscillatory membrane fluctuations and having multisensory 

responses activated by multimodal sensory stimuli presented against an ambient olfactory 

background. These neurons are efferent (output) neurons, which usually occur as pairs in 

the mushroom body lobes and whose dendrites intersect, and are postsynaptic to Kenyon 

cell parallel fibers. The axons of mushroom body efferent neurons extend out to 

surrounding protocerebral neuropils (Li and Strausfeld, 1997, 1999), and the cell bodies 

of these efferent neurons are located distant from those of Kenyon cells. Parasol cells 

clearly provide output channels from the hemiellipsoid bodies and have multisensory 

tuning and response properties that closely match those of mushroom body output 

neurons  

 

Hemiellipsoid body-mushroom body correspondences: anatomy.  

Comparative neuroanatomical studies demonstrate that the number of olfactory centers, 

and the organization of pathways amongst them, has diverged from an ancestral ground 

pattern. Ancestrally in Euarthropoda, projection neurons originating in paired olfactory 

centers supplied by the first uniramous head appendages (antennae in insects, antennules 

in crustaceans) provided axons extending ipsilaterally to a second-order sensory neuropil 

in the protocerebrum (see Fig. 10; also, Strausfeld, 2012). This arrangement has been 

demonstrated in what is supposed to be the most plesiomorphic of crustaceans, the 
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horseshoe shrimp Hutchinsoniella macracantha (Stegner and Richter, 2011). A crucial 

finding by Stegner and Richter is that in this taxon, second-order olfactory neuropil is 

composed of a lobed structure in the protocerebrum that originates from a swollen region 

situated beneath a cluster of basophilic globuli cells. This region receives inputs from 

olfactory lobe projection neurons and provides processes that extend to the brain’s 

midline. This arrangement exemplifies the anatomical ground pattern of a mushroom 

body: namely, globuli cells that provide a distal receptive zone receiving second-order 

olfactory neurons, and that give rise to parallel fibers that form a medially directed lobe. 

In H. macracantha, the mushroom body lobes are decorated with several tuberous-like 

outgrowths, which are notable because the similarly shaped mushroom bodies in 

chilopods (centipedes), and in insects thought to represent ancient lineages (the 

apterygote Thermobia domestica, and species of mayfly [Ephemeroptera]), have almost 

identical tuberous outgrowths (Sombke et al., 2011; Farris, 2005). Stegner and Richter 

(2011) conclude that the ground pattern of second-order olfactory neuropils in 

crustaceans is a lobed structure, from which the hemiellipsoid bodies are evolutionarily 

derived. 

 Observations of leptostracan crustaceans, as well as hoplocarids (stomatopod mantis 

shrimps), both of which represent early lineages of Malacostraca, suggest that 

connections from the olfactory lobes have undergone elaboration: in phyllocarids a few 

projection neurons–and in stomatopods about a third of them–cross the brain’s midline. 

They reach the second-order olfactory protocerebral neuropil on the other side of the 

brain (an arrangement referred to as a heterolateral projection). However, remipede 
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crustaceans, which molecular phylogenetics suggests is the sister group to Cephalocarida 

(Regier et al., 2010), have complete heterolateral projections from their olfactory lobes, 

much like that observed in eumalacostracan species. In remipedes, the second-order 

olfactory neuropil in the protocerebrum is not lobed but flattened, even though it is 

contained within the head capsule (Fahnenbruck et al., 2004; Fahnenbruck and Harzsch, 

2005). The neuropil is therefore reminiscent of that in the leptostracan, Nebalia 

pugettensis (Malacostraca, Phyllocarida), whose hemiellipsoid body is situated central to 

a very short eyestalk. In Stomatopoda, a group that may have appeared earlier than 

decapods (see Figure 10), the homologous structure is a layered neuropil in the eyestalk, 

resolved as a prominent outward swelling from the lateral protocerebrum. Indeed, the 

hemiellipsoid body was discovered in 1882 in the Mediterranean stomatopod Squilla 

mantis, by the Italian neurologist (Bellonci, 1878, cited in Sullivan and Beltz, 2004) who 

named this structure the “corpo emielissoidale.”  

 Observations of decapod crustaceans illustrate that the hemiellipsoid body is a rapidly 

evolving brain area. This has been shown elegantly by Sullivan and Beltz (2001, 2004, 

2005) who used dye tracing to follow arrangements of olfactory lobe projection neuron 

terminals in the lateral protocerebra of stomatopod, reptantian and non-reptantian 

malacostracans. They showed that this connectivity has changed through time such that 

there has been a shift in the location of olfactory lobe terminals from being almost 

exclusively contained within the hemiellipsoid body to becoming distributed and then 

concentrated  between the hemiellipsoid body and underlying neuropil of the medulla 

terminalis. Sullivan and Beltz’s studies show that the variety of taxon-specific neuronal 
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arrangements demonstrates the divergent evolution of hemiellipsoid body organization in 

different malacostracan lineages. 

 Such a divergent evolution of the malacostracan hemiellipsoid body might suggest 

that no aspect of its organization could be comparable to that of an insect mushroom 

body. However, here we have shown that the hemiellipsoid body of C. clypeatus indeed 

demonstrates unambiguous correspondences with the mushroom body of insects. What is 

all the more remarkable is that like Birgus latro, its much larger cousin sharing similar 

neural architecture (Krieger et al., 2010), C. clypeatus is a most unusual reptantian 

because its accessory lobe is dramatically reduced and merely comprises a dozen or so 

glomeruli. This contrasts with C. clypeatus’s hugely enlarged olfactory lobes. One 

consequence of the diminution of the accessory lobe and the hypertrophy of the olfactory 

lobes is that the majority of olfactory lobe projection neurons invade the entire 

hemiellipsoid body, with very few projecting into the medulla terminalis (Figure 3). This 

configuration contrasts with that in Astacidea where the olfactory projection neurons 

primarily invade the medulla terminalis (Sullivan and Beltz, 2001), and indicates an 

evolved regression to the ancestral state shown by stomatopod and non-reptantian 

decapods. Furthermore, the organization of lamellae in the hemiellipsoid body of C. 

clypeatus is not an autapomorphy of this taxon but reflects an ancestral arrangement that 

can be found in Stomatopoda.  

 In conclusion, despite divergent evolution of hemiellipsoid bodies in reptantian 

crustaceans, those of C. clypeatus and B. latro show features that have reverted to 

characters more typical of non-reptantian species and to taxa that represent older 
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malacostracan lineages. Observations of characters in the hemiellipsoid body of C. 

clypeatus that correspond to characters typifying an insect mushroom body suggest a 

common origin of the two centers. Added to the observation that the most plesiomorphic 

of living crustaceans, H. macracantha, possesses mushroom bodies no different from 

those of chilopods and archaic insects, the inescapable conclusion is that neuropils 

designated as hemiellipsoid bodies are indeed homologous to insect mushroom bodies.   

Divergent evolution of the hemiellipsoid body and mushroom body.  

Evidence thus far suggests that the hemiellipsoid body and mushroom body share similar 

electrophysiological and anatomical characteristics (Harzsch and Hansson, 2008; Stegner 

and Richter, 2011; Strausfeld, 2012). But it is also clear that despite many commonalities, 

olfactory pathways have, over time, been variously elaborated in insects and 

malacostracan crustaceans. Other than in locusts and related Acrididae, insect antennal 

lobes are glomerular; each type of olfactory sensory neuron, as defined by its olfactory 

receptor channel protein, targets a specific glomerulus (Couto et al., 2005; Fishilevich 

and Vosshall, 2006). In turn, each glomerulus provides its own outputs, and cohorts of 

glomeruli supply additional inputs to systems of wide-field projection neurons (Homberg 

et al., 1988; Marin et al., 2002; Tanaka et al., 2004). Output channels from the antennal 

lobes can vary in number in different insect species, such that various cohorts of 

glomeruli are represented in specific regions of the protocerebrum and in different zones 

of the mushroom body calyces (Galizia and Rössler, 2010). However, there has been no 

report in any crustacean of uniglomerular output neurons (Strausfeld, 2009), even though 

certain stomatopod species have discrete glomerular subunits (Derby et al., 2003). In 
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Remipedia, the olfactory lobes are obviously glomerular, as they are in the basal 

phyllocarid Nebalia pugettensis and in marine isopods (Fanenbruck et al., 2004; 

Fanenbruck and Harzsch, 2005; Strausfeld, 2012; Harzsch et al., 2011). This contrasts 

with most decapod crustaceans, where olfactory lobes are divided into wedge-like units 

that are segmented in depth by the processes of different classes of local interneurons 

(Wachowiak et al., 1997). None of the wedges provide their own outputs. Instead, 

projection neurons have broadly extending dendrites that visit many wedge-like units 

(e.g., Schmidt and Ache, 1992; Wachowiak and Ache, 1994). Furthermore, in Reptantia, 

the evolved addition of the accessory lobes, and the shift of destination of olfactory 

outputs from the hemiellipsoid body to the medulla terminalis, has been accompanied by 

novel connections of the olfactory lobes to other regions in the deutocerebral segment. 

(e.g., Schmidt and Ache, 1992; review Schmidt and Mellon, 2011).  

 These observations collectively suggest that, from a ground pattern of spherical 

olfactory lobe subunits, there have evolved profound differences between the neuronal 

organization of insect antennal lobes and crustacean olfactory lobes, as well as divergent 

cognate protocerebral and deutocerebral connections.  A simple example of such 

divergence is provided by crown Neoptera and Reptantia: the worker honey bee antennal 

lobe has 800 relay neurons, most of which are uniglomerular. Their axons project 

homolaterally to at least eight separate destinations in the protocerebrum. In the 

reptantian C. clypeatus, about 20,000 projection neurons, which have dendritic trees that 

visit many olfactory lobe units, send branched axon heterolaterally to both hemiellipsoid 

bodies.  Nevertheless, despite these evolved differences, the ground pattern of the 
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mushroom bodies, and their relationship with glomerular first-order olfactory centers is 

ubiquitous to Arthropoda (Figure  10), including the plesiomorphic Cephalocarida 

(Stegner and Richter, 2011).  

 As shown in Figure 9, and described in the companion account (Brown and Wolff, 

2012), the hemiellipsoid bodies in C. clypeatus possess circuitry that is fundamentally the 

same as that of a mushroom body. The principal difference between the two is that in 

insects, synaptic inputs by olfactory projection neurons onto local interneurons (Kenyon 

cells), and contacts between local interneurons and output neurons, are arranged at two 

distinct levels; the first occurs in the calyces, the second in the lobes. In the hemiellipsoid 

body, olfactory projection neuron inputs and efferent neuron outputs occur at the same 

level. Hemiellipsoid bodies and mushroom bodies thus contain homologous networks 

(Fig. 9), despite the absence in the former of separated calyces and lobes. Why, then, are 

the hemiellipsoid bodies the shape they are? Might this relate to the possession of 

eyestalks? Typically, in stomatopod and decapod crustaceans, the optic lobes and many 

of the lateral protocerebral neuropils are situated in the eyestalks. Eyestalks are 

articulating appendages, and much of their volume is taken up by muscles that enable 

tracking eye movements and compensatory movements in response to changes in posture 

(Powar, 1969; Nalbach et al., 1993; Sandeman and Okajima, 1972). Muscles leave 

relatively little space for neuropil. Might such spatial constraints have resulted in the 

evolved modification of the shape of second-order olfactory neuropil to provide a lobed 

outswelling of the protocerebrum?  
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 Two observations speak against this. The first is that compared with most insects, the 

optic lobe neuropils of a malacostracan crustacean with comparably large compound eyes 

have the same shapes and are at least as large as their insect equivalents (Strausfeld and 

Nässel, 1981). Thus, they are not constrained by the volume of the eyestalk. The second 

is that in taxa that lack eyestalks even as adults, and whose brains are situated entirely 

within the head, as is the case in the ghost shrimp N. californiensis or the remipede 

Godzilliognomus frondosus (Fahnenbruck et al., 2004), the hemiellipsoid bodies do not 

resemble a lobed mushroom body. These examples serve to illustrate again that a center, 

which is lobed in numerous arthropod groups, can evolve simple modifications in overall 

shape while retaining the ground pattern organization of its constituent neurons. Another 

example of such modification is shown by certain arachnids, such as Amblypygidae, in 

which the mushroom bodies have evolved to become so convoluted that they obtain a 

morphology reminiscent of a folded mammalian cortex (Fig. 10). The huge convoluted 

mushroom body of the horseshoe crab Limulus polyphemus provides another example of 

a modified ground pattern (Fahrenbach, 1977).  

 In conclusion, comparisons across Arthropoda resolve a lobed second-order olfactory 

neuropil, in which projections from glomerular olfactory neuropils interact with parallel 

arrays of local interneurons originating from globuli cells. The neuronal circuitry of these 

centers has to be regarded as homologous between insects and crustaceans despite that 

circuits typifying lobed centers have been repackaged in most crustacean groups. The 

existence of corresponding centers in other mandibulate arthropods, as well as in 

chelicerates, Onychophora, and even in Lophotrochozoa such as annelids and flatworms, 

suggest an ancient origin of this center.  
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Figure Legends 

Figure 1. A. The terrestrial Caribbean hermit crab, Coenobita clypeatus. B.  Summary 

diagram of the hermit crab brain showing the relative positions of the olfactory lobe 

(OL), which sends heterolateral projections to the hemiellipsoid body (HB) in the 

eyestalk via the olfactory globular tract (OGT).  The OL receives olfactory sensory input 
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from the antennule (A2) while the antenna (A1) sends mechanosensory and 

chemosensory information to the tritocerebrum. C+D: Confocal laser scans of two 

vibratome sections of the eyestalk’s lateral protocerebrum and optic lobe (frontal view as 

in B, right eye stalk).  The medulla terminalis (MT), hemiellipsoid body (HB), and optic 

lobe (OP LO) neuropils are labeled with an antibody against α-tubulin.  The clustered 

globuli cell bodies (gc) are situated atop the cap (cp) neuropil and send projections 

through this layer to form the globuli cell fiber fiber-intermediate layer (gcf-il), which 

partially encases the core (Cr) synaptic neuropils.  The gcf-il bifurcates to send a 

perpendicular curtain (ctn) of fibers through the core neuropils. These terminate within 

the core as well as in the MT. The core contains three subregions (Cr-1, Cr-2, and Cr-3), 

which are revealed by differential immunoreactivity to antisera raised against synapsin, 

substance P tachykinin, and neuropeptide F (See Fig. 2).  The nested optic lobe neuropils 

include the proximal lobula (Lo), the medulla (Me), and the distal lamina (La).  The 

lobula plate is not visible in these sections. E-G: 3D-reconstruction of the HB to show 

relationships between the gc (blue), their fibers in the HB (gcf-il; magenta), the input 

bundles to the HB from the olfactory globular tract (afferents; yellow, OGT), and the cap 

neuropil (cp) which is contiguous with neuropil making up the core (Cr; green).  The 

rectangular plane in E represents the orientation of the vibratome sections in C, D. Arrow 

in F indicates where the gcf-il bifurcates to form the ctn, partially dividing the Cr into 

two contiguous volumes. Scale bar for B, D-G = 100 µm.  

 

Figure 2. Immunoreactivity reveals core neuropils of the hemiellipsoid body subdivided 

into concentric levels.  Although the entire core and cap are immunoreactive to synapsin 
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(blue), there is a distinct zone of anti-tachykinin immunoreactivity. Antiserum against 

substance P tachykinin (magenta) reveals Cr-1 nesting core level Cr-2, which is 

immunoreactive to neuropeptide F (NPF, green).  This zone in turn nests Cr-3, the 

deepest core level, which shows relatively little immunoreactivity to either the tachykinin 

or NPF. The inset demonstrates a diffuse arrangement of NPF-positive fibers that ascend 

from Cr-2, through Cr-1, into the cp and the globuli cell cluster (gc). Globuli cell bodies 

are not revealed using these antisera.  Scale bar = 200 µm. 

 

Figure 3.  Afferent supply to the medulla terminalis and hemiellipsoid body. A: 

Olfactory projection neurons supply terminals to the lateral protocerebrum of C. 

clypeatus via the olfactory globular tract (OGT). The lipophilic dye DiA (magenta) 

introduced into the olfactory lobes migrates to the lateral protocerebrum through fiber 

bundles of the OGT. This splits into several tributaries that supply all levels of the 

hemiellipsoid body with a minor contribution to the MT. B: Top-down views of the 

hemiellipsoid body, showing afferents filled with dextran-Texas red (magenta) from the 

olfactory lobe supplying the Cr-3 level, which also contains processes labeled with anti-

FMRFamide (cyan, indicated by white highlighted arrow).  D-F:  Enlargements of the 

areas of the hemiellipsoid body indicated in panel B to show axon terminals of olfactory 

projection neurons in the hemiellipsoid body core.  Arrows indicate swellings that are 

also revealed by Golgi impregnations, indicated in panels G, I and J by the black arrows. 

C, G-J: Golgi impregnations distinguish various types of processes belonging to 

hemiellipsoid body intrinsic neurons. C: Top-down view of the globuli cell fiber-

intermediate layer. G. Golgi impregnation resolves afferent terminals both as bundles 
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(ringed), or singly, showing their characteristic beaded appearance (highlighted black 

arrow, also in panels E and F). Afferent terminals extend amongst numerous thinner 

fibers (e.g. at thin white arrow) that form associations with afferents (at arrowhead) that 

correspond to microglomeruli (see Fig. 7B). H: Golgi impregnation showing bundled 

afferent axons and accompanying thin intrinsic neuron processes. I: Fortuitous 

impregnation showing regularly spaced beaded afferents, accompanied by a variety of 

slender parallel processes (white arrows) attributed to intrinsic neurons. J: Processes of 

afferent endings intersected by parallel processes from intrinsic neurons (see also Fig. 

6G). Scale bars = 100 µm in A and B; 20 µm in D-F, G–J; 25 µm in C. 

 

Figure 4.  Globuli cells (gc), which provide the processes of intrinsic neurons, send out 

initial neurites that form two major fiber systems: the dense globuli cell fiber-

intermediate layer (gcf-il; see also Fig. 3C) and the curtain (ctn). These processes 

subsequently provide collaterals that interact with incoming projection neuron terminals 

from the olfactory lobes. A: Confocal laser scan of the hemiellipsoid body showing the 

gc cluster, labeled with the nuclear marker Syto-13 (blue) and the two fiber systems 

labeled with antiserum raised against α-tubulin (green). Globuli cell fibers typically 

bifurcate beneath the cell body cluster to provide the intermediate layer (gcf-il) and the 

curtain (ctn). Labeling with a-tubulin also demonstrates the hundreds of bundled afferent 

fibers, originating from the olfactory globular tract, distributed throughout the core 

neuropil. B-E: Golgi impregnations reveal characteristic cell morphologies within levels 

of the hemiellipsoid body.  B: Globuli cell fibers contributing to the gcf-il and ctn. C. 

Fibers in the gcf-il (bracketed) and curtain, belong to several morphological types of 
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intrinsic neurons. Here are shown serpentine processes of the gcf-il, separating the cap 

and core neuropils, providing collaterals to both, many of which are decorated by claw-

like specializations (one shown at white arrow). D: The stout fibers of the gcf-il and ctn 

(large black arrows) give rise to smaller, perpendicular fibers that extend into the core 

neuropil where they provide numerous branchlets decorated with spine- (small black 

arrow) or claw-like (white arrow, and inset) specializations. E: Whereas the serpentine 

fibers give rise to claw-like specializations (inset, white arrow), the straighter fibers 

within the gcf-il give rise to predominantly spiny collaterals (e.g., at black arrow).  Scale 

bars = 50 µm. 

 

Figure 5.  Anti-DC0 labeling shows corresponding immunoreactivity in the 

hemiellipsoid body of C. clypeatus (upper row) and the mushroom bodies of P. 

americana (lower row) as well as homologous neuropils belonging to their central 

complexes (CC). A: Confocal laser scans of tissue treated with anti-α-tubulin reveal the 

overall structure of the hermit crab eyestalk (upper) and the cockroach central brain 

(lower).  B:  DC0, an antibody raised against the major catalytic subunit of Drosophila 

protein kinase A, labels in C. clypeatus the entire hemiellipsoid body and part of the 

medulla terminalis immediately beneath it (upper).  In the cockroach, the mushroom body 

lobes and calyxes, as well as the ellipsoid body of the central complex (EB) are strongly 

DC0-immunoreactive (lower).  When treated with anti-DC0, the lower layer of the hermit 

crab’s CC is likewise strongly immunoreactive (inset).  Staining with this antibody is 

very weak or absent in all other neuropils.  C:  Merged channels show DC0 localization 

in the hermit crab hemiellipsoid body and in the cockroach calyces and mushroom body 
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lobes. Scale bars = 100 µm in A (top and bottom); 50 µm in B (inset only). 

 

Figure 6.  Structural correspondences of the hermit crab hemiellipsoid body and the 

cockroach mushroom body.  A: Western blot assay of DC0 antibody comparing brain 

tissue of C. clypeatus and P. americana reveals a band around 39 kD for both species.  B: 

Laser confocal scan of the hemiellipsoid body and medulla terminalis in C. clypeatus 

labeled with antibodies against DC0 (magenta) and α-tubulin (green).  Viewing anti-DC0 

immunoreactivity alone at lower magnification (C) shows the core neuropils appearing 

almost homogeneous.  A higher magnification reveals that within the hemiellipsoid body 

core there are thin vertically oriented lamellae organized parallel to the brightly labeled 

curtain (inset c).  D: Cross section of the β-lobe of the mushroom body of P. americana, 

labeled with anti-DC0 to highlight its lamellar organization of alternate bright and 

moderate labeling (inset d). E: Confocal laser scans of the C. clypeatus medulla 

terminalis and hemiellipsoid body showing FMRFamide-like immunoreactivity in large 

cells throughout the medulla terminalis and a layered motif of alternating bright 

FMRFamide-like immunoreactivity in the core neuropils Cr-2 and Cr-3.  F: A cross 

section of the cockroach ß-lobe, showing FMRFamide-like immunoreactivity in the γ-

lobe.  G, H: Golgi impregnations of C. clypeatus and P. americana, respectively, show 

corresponding rectilinear organization.  In C. clypeatus (G), horizontal processes and 

afferents from the olfactory lobe run in parallel (vertical bracket) and form a rectilinear 

network with efferent neuron processes (horizontal bracket).  H: Kenyon cell fibers 

relaying odorant information from the calyces (vertical bracket) form rectilinear networks 

with efferent processes extending from the mushroom body lobes (horizontal bracket). I: 
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Electron micrograph of the hermit crab hemiellipsoid body core showing the presence of 

large, parallel fiber bundles, corresponding to the organization of parallel fiber bundles in 

the cockroach ß-lobe (J). Scale bars = 100 µm in B and E; 50 µm in C-F; 25 µm in G, H; 

10 µm in I, J. 

 

Figure 7.  Organization of core neuropil. A: Reduced silver staining of the hemiellipsoid 

body shows fiber cross-sections of the globuli cell fiber intermediate layer (gcf-il) and 

curtain (ctn) with core neuropil in between, populated by the bundled projection neuron 

terminals, the main afferent supply to the hemiellipsoid body.  B: Confocal laser scan of 

the corresponding levels in A, showing synapsin- (green) and actin-like (magenta) 

immunoreactivity. The nuclear stain, Syto-13 (blue) shows the location of glial cell 

bodies. Inset:  Antibodies against synapsin (green), actin (magenta), and DC0 (blue) 

reveal the presynaptic boutons of synaptic complexes (microglomeruli). This enlargement 

shows the bouton's actin core (magenta), surrounded by clusters of synapsin 

immunoreactivity (green), each cluster representing vesicles that are massed at a 

presynaptic site, as demonstrated by electron microscopy of afferent fiber boutons (see 

Brown and Wolff, 2012; Fig. 6B). Here, postsynaptic and other elements are shown as 

DC0 positive profiles (blue). Scale bars = 50 µm in A; 20 µm in B; 5 µm in the inset. 

 

Figure 8.  The hemiellipsoid body in the ghost shrimp, Neotrypaea californiensis is DC0 

immunoreactive and contains microglomeruli, which are morphologically similar to 

insect microglomeruli and those found in C. clypeatus.  A:  The general brain 

morphology of N. californiensis  is outlined in this confocal laser scan of a vibratome 
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section treated with an antiserum against allatostatin (magenta) and a nuclear stain, Syto-

13 (green).  Due to the reduction of the eyestalk in the ghost shrimp, the hemiellipsoid 

body (HB; bracketed on the right) is situated within the head capsule, superior to the 

medulla terminalis (MT).  The olfactory lobes (OL) and accessory lobes (Acc) project to 

the MT and HB via the olfactory globular tract (OGT) as in C. clypeatus.  B, C:  The 

OGT leads to the HB (bracketed), the lower (inferior) part of which shows DC0 

immunoreactivity (magenta) as do fibers projecting from large cell bodies located 

medially.  The brain contours are outlined with Oregon-green conjugated phalloidin 

(green).  Arrows in C indicate the boundary between the brightly stained inferior HB and 

the superior HB, which shows little DC0 immunoreactivity.  D:  The region of the HB 

bounded by the rectangle in C is shown in tissue treated with antibodies against synapsin 

(green), actin (magenta), as well as the nuclear stain Syto-13 (blue). The arrows indicate 

the border between the inferior and superior HB, the latter denoted by hundreds of 

presynaptic boutons from the olfactory and accessory lobes. The inset shows some of 

these core elements of microglomeruli. The bouton's actin core (magenta) is surrounded 

by regions immunoreactivity to synapsin (green) representing clusters of vesicles at 

presynaptic sites within the bouton. Postsynaptic elements are here unlabelled. Scale bars 

= 100 µm in A and B; 50 µm in C and D; 5 µm in the inset. 

 

Figure 9.  Ground pattern organization of inputs (aff; magenta), intrinsic neuron 

processes (blue) that derive from globuli cells (gc), and outputs (Eff, yellow) in the 

hemiellipsoid body (A) and mushroom body (B). The arrangement of rectilinear 

intercepts between intrinsic neurons and outputs typifies the hemiellipsoid body and the 
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mushroom body. However, whereas both afferents and local intrinsic neurons are 

arranged in parallel and at the same level in the hemiellipsoid body (A), in the mushroom 

body (B) afferents extend to levels that are separate from those that provide interactions 

of intrinsic neurons (Kenyon cells) and efferent processes. Nevertheless, the two systems 

are essentially identical. 

 

Figure 10. An abbreviated phylogeny of Arthropoda, with two lophotrochozoan 

outgroups (annelids and platyhelminths), based on nuclear protein gene sequence studies 

by Regier et al., (2010) and Expressed Sequence Tag analyses by Andrew (2011). 

Representative brains are shown as outlines (not to scale) linked to selected taxa. In all 

brains, first-order olfactory neuropils, usually glomerular, are shown in green. In 

Euarthropoda, their connections to the protocerebrum are shown blue. Second-order 

olfactory centers are shown red and their associated globuli cell clusters are shown dark 

gray. In insects, the unique lateral horn neuropil is shown gold. Cephalocarida, 

Remipedia and Leptostraca olfactory lobes comprise ball-like subunits (glomeruli). In 

decapods (e.g. Caridea – shrimps), the paired olfactory lobes comprise wedge-shaped 

subunits. In Reptantia, other than anomurans, the olfactory lobes are shown adjacent to 

the accessory lobes, which are characterized by their small ball-shaped glomeruli (here 

the brain of (Procambarus clarkii). Coenobitidae (here C. clypeatus), which are also 

reptantians, have negligible accessory lobes but proportionally very large first and 

second-order olfactory neuropils (hemiellipsoid bodies). Notably, among Crustacea, the 

plesiomorphic Cephalocarida possess lobed mushroom bodies that receive ipsilateral 

inputs from their glomerular olfactory lobes, as do those of Diplopoda and Chilopoda 
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(“Myriapoda”) and insects. Insects are represented here by the flightless Zygentoma and 

the winged neopteran Periplaneta americana (American cockroach). The cockroach 

brain (lower right) is dominated by the paired mushroom bodies. One example of a 

chelicerate brain is shown upper right, illustrating the enormous folded mushroom body 

typical of Amblypygidae (whip spiders). 

 

Figure 1 
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Abstract 

Electron microscopical observations of the hemiellipsoid bodies of the land hermit crab 

Coenobita clypeatus resolve macroglomerular synaptic complexes that are comparable to 

those observed in the calyces of insect mushroom bodies and which characterize 

olfactory inputs onto intrinsic neurons. In an adult hermit crab, intrinsic neurons and one 

class of efferent neurons originate from neuronal somata of globuli cells covering the 

hemiellipsoid bodies. Counts of their nucleoli show that about 120,000 globuli cells 

supply each hemiellipsoid body in an adult hermit crab. This number is comparable to the 

number of globuli cells supplying mushroom bodies of certain insects, such as honeybees 

and cockroaches. However, counts of axons in tracts leading from the olfactory lobes to 

the hemiellipsoid bodies resolve 20,000 afferent axons; an order of magnitude greater 

than known for any insect. These afferent axons provide numerous swollen varicosities, 

each presynaptic to many small profiles, and thus comparable to the microglomeruli that 

hallmark insect mushroom body calyces. Also common to mushroom bodies and 

hemiellipsoid bodies are arrangements of intrinsic neurons, afferent neurons containing 

dense core vesicles, and systems of serial synaptic complexes that relate to postsynaptic 

profiles of efferent neurons. Together, the ultrastructural organization of the 

hemiellipsoid bodies of C. clypeatus supports the proposition that this center may 

genealogically correspond to the insect mushroom body despite obvious divergent 

evolution of overall shape. 

 

Introduction 
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Comparative morphological studies support the proposal that in arthropods, a pair of 

centers in the protocerebrum possess an ancestral ground pattern comprising clusters of 

minute basophilic cell bodies that give rise to systems of parallel fibers, which are 

themselves supplied by relays from primary olfactory centers in the deutocerebrum. This 

ground pattern, which defines lobed centers in insects known as mushroom bodies, is 

shared by cephalocarid crustaceans, chilopods, and chelicerates (Stegner and Richter, 

2011) and is also observed in Onychophora and in Annelids, the latter members of the 

Lophotrochozoa (Strausfeld 2011). In malacostracan crustaceans, however, the 

protocerebral centers receiving inputs from the olfactory lobes are not lobed, but are 

dome-shaped neuropils called hemiellipsoid bodies, the organization of which is 

distinctive in different orders of Malacostraca. In anomuran malacostracans, such as the 

land hermit crab Coenobita clypeatus, the hemiellipsoid bodies have evolved divergently 

to become enormous and highly ordered structures, in which a repeat organization 

defined by layers of afferent terminals and interneuronal processes increases in number as 

a function of growth. These successive additions compare with the successive additions 

of laminae in insect mushroom bodies, particularly obvious in Dictyoptera, in which 

successive generations of new globuli cells provide sheet-like arrangements of intrinsic 

processes of Kenyon cells. Light microscopy comparisons of the hermit crab 

hemiellipsoid bodies and cockroach mushroom bodies suggest additional 

correspondences (Wolff et al., 2011). 

 Typical of malacostracan crustaceans is that intrinsic neuron processes in their paired 

hemiellipsoid bodies are provided by clusters of several thousand, sometimes hundreds of 

thousands of globuli cells. These are minute basophilic cell bodies that lie laterally in the 
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protocerebrum immediately above their cognate hemiellipsoid body neuropil. In C. 

clypeatus, and in stomatopods, globuli cell neurites provide systems of parallel processes 

and collaterals that intersect terminals of afferents from the olfactory lobes and the 

dendrites of efferent neurons leading from the hemiellipsoid body to underlying neuropils 

of the medulla terminalis (McKinzie et al., 2003). The latter is a generic term for 

clustered neuropils that comprise much of the lateral protocerebrum (see Sandeman et al., 

1993; Sullivan and Beltz, 2001, 2004). In insects, as well as cephalocarids, myriapods 

and chelicerates, corresponding clusters of globuli cells supply systems of parallel 

processes that likewise establish connections with relay neurons from the olfactory lobes 

and the dendrites of efferent neurons (Stegner and Richter, 2011). In insects, these 

intrinsic neurons, known as Kenyon cells, provide systems of processes that are 

intersected by dendritic processes of efferent (output) neurons as well as other kinds of 

afferent neurons (Strausfeld et al., 2009), many carrying neuromodulatory peptides 

(Séjourné et al., 2011). Together, these different neurons provide rectilinear arrangements 

of neural elements that, at least in insects and myriapods, are unique to the mushroom 

body lobes. Although not characterized by lobed neuropils, in hermit crabs the domed 

neuropils of hemiellipsoid bodies are likewise typified by rectilinear organization of 

intrinsic and extrinsic processes (Wolff et al., 2011). 

 Several other features suggest correspondence between mushroom bodies and 

hemiellipsoid bodies. These include the selective affinity of these centers to antibodies 

raised against DCO and the demonstration that this antibody recognizes the same epitope 

in insects and malacostracans (Wolff et al., 2011). This similarity, along with 

corresponding cellular organization, suggests that hemiellipsoid bodies and mushroom 
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bodies may genealogically correspond and that superficial differences of overall 

organization may represent divergent evolution from a common ancestral ground pattern.   

 In insects, the dendritic trees of Kenyon cells form a distal neuropil called the calyx, 

which receives afferent supply mainly from the antennal lobes, but in some species also 

from other sensory neuropils. Irrespective of the source of these inputs, their terminals 

form characteristic synaptic complexes called microglomeruli consisting of large 

presynaptic boutons, on which are centered numerous postsynaptic profiles (Yasuyama et 

al., 2002). Evidence from light microscopy suggests that there may be corresponding 

structures in the hemiellipsoid bodies of malacostracan crustaceans (Wolff et al., 2011). 

Here we ask whether the synaptic connections amongst afferent axons ending in the 

hemiellipsoid body of C. clypeatus provide comparable arrangements, in which large 

presynaptic varicosities output to numerous dendritic spines of intrinsic neurons and 

whether, as in insects, intrinsic neuron processes form synaptic complexes amongst 

themselves and with the dendritic spines of efferent neurons. If these features are 

prominent in a malacostracan hemiellipsoid body, they would further underpin the 

proposition that hemiellipsoid bodies contain elements of the neuronal ground pattern 

typifying mushroom bodies and hence evolutionarily correspond to them. 

 

Materials and Methods 

 Land hermit crabs (Coenobita clypeatus) were purchased from Carolina Biological 

Supply (Burlington, NC) and housed in the laboratory prior to dissection.  Cockroaches 

(Periplaneta americana) were raised on Friskies cat food at 27° with a 12:12 light dark 
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cycle.  Wild-type Oregon R Drosophila melanogaster stocks were maintained under 

standard laboratory conditions at 21-23°C.   

 

Histology 

1. Transmission Electron Microscopy 

The central brain and eye stalks of C. clypeatus were fixed in 4% paraformaldehyde, 3% 

glutaraldehyde in 0.45M cacodylate buffer (pH 7.4), 0.2% saturated picric acid, and 

incubated overnight at 4°C.  After primary fixation, samples were washed several times 

in cacodylate buffer and postfixed in 1% OsO4 for 1 hour at room temperature.  The 

tissue was then rinsed through several buffer changes, en bloc stained with 2% uranyl 

acetate dehydrated through a graded ethanol series and embedded in Embed 812 epoxy 

resin (EMS).  The fixation and processing protocols for P. americana and D. 

melanogaster were slightly modified, using 1.5% glutaraldehyde and 0.1M cacodylate 

buffer.  Blocks were polymerized for 48 hours at 60°C.  Semithin sections (1.5 µm) and 

ultrathin sections (80 nm) were cut on a Leica Ultracut S Ultramicrotome.  Ultrathin 

sections were collected on formvar-coated copper slot grids and post-stained with lead 

citrate.  Sections were then viewed in a Phillips CM12 transmission electron microscope; 

digital images were collected with an AMT 420 digital camera (Advanced Microscopy 

Techniques.com). 

 

2. Immunohistochemistry 

Animals were cold-anesthetized at 4˚C, and brains dissected in 4% paraformaldehyde in 

phosphate buffered saline (PBS, SIGMA, St. Louis, MO), pH 7.4.  To adjust for 
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osmolarity in C. clypeatus, 10% sucrose was added to the fixative.  Brains were 

microwave fixed at 18˚C under vacuum, for four cycles of two minutes, then incubated 

overnight at 4˚C.  Brains were washed in PBS and embedded in albumin gelatin.  

Vibratome sections were cut at 60µm (Leica, Nussloch, Germany).  After washing the 

sections several times in PBS-TX (0.5% Triton X-100), sections were blocked in 5% 

swine serum for I hour, before adding anti-DCO at a concentration of 1:250, and 

incubating over night (anti-DCO, a gift from Dr. D Kalderon).  After several washes, 

tissue was incubated overnight in Cy5, at a concentration of 1:400.  Finally, tissue was 

washed and embedded in elvanol on glass slides.  The monoclonal anti-alpha-tubulin 

(DSHB, University of Iowa) was used for contrast detail at a concentration of 1:100, and 

visualized with Cy2 (1:400).  For full details, refer to Wolff et al. (2011).  

 

3. Reduced Silver Staining 

For detailed staining of neuronal populations, tissue was dissected and fixed in AAF (16 

parts 80% ethanol, 3 parts 37% formalin, 1 part glacial acetic acid).  Sections were cut at 

12µm.  Reduced silver staining was performed in P. americana according to Bodian's 

(1936) original method.   A slightly modified protocol was used in C. clypeatus, where 

the copper concentration was increased from the standard 0.8% to 2.4%. 

 A combined Colonnier/rapid Golgi staining protocol (Li & Strausfeld 1997) was used 

to identify individual neurons in C. clypeatus and P. americana.  Brains were dissected in 

2.5% potassium dichromate containing 10% or 1.3% sucrose solution (C. clypeatus and 

P. Americana respectively).  Brains were fixed for 4 days at 4°C in a 1:5 mixture of 25% 

glutaraldehyde and the dissection solution.  After several washes in the 2.5% dichromate 
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solution, 1% OsO4 was added at a concentration of 1:99, and incubated for 3 days at 4°C.  

Brains were next incubated in 0.75% silver nitrate for 3 days.   After 3 days, P. 

americana tissue was dehydrated, embedded in epoxy resin, and serial sectioned at 

25µm.  Brains of C. clypeatus were triple impregnated as described by Wolff et al. 

(2011). 

 

Fluorescent dye tracing of afferent neurons 

C. clypeatus were cold-anaesthetized before removing a section of cuticle to reveal the 

brain.  Tissue was kept submerged in a physiological saline/sucrose solution. Using the 

blunt tip of a pulled glass electrode, a crystal of DiA lipophilic dye (Invitrogen, Carlsbad, 

CA) was hand injected into the olfactory lobe, followed by immediate fixation in a PBS-

buffered 4% paraformaldehyde solution, and incubated for three weeks.  Tissue was 

embedded in a gelatin/albumin mix and post-fixed in 4% paraformaldehyde.  Tissue 

blocks were washed in PBS and vibratome sectioned at 60µm, further processed for 

viewing in a Zeiss Pascal confocal microscope, as described by Wolff et al. (2011). 

 

Globuli Cell Counts   

An estimate of the total number of Globuli cells was calculated using a combination of 

the Cavalieri Estimator of Volume (Gundersen & Jensen 1987), and the Physical 

Dissector Method (Sterio 1984) on a series of reduced silver stained sections, prepared as 

previously described.  (Refer to Geinisman et al. 1996, Brown et al, 2002 for full 

stereological method descriptions).  The nucleolus was unambiguously identifiable in the 

reduced silver sections, and was therefore used as the counting unit of the globuli cells. 
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Cavalieri Estimator of Volume 

To calculate the reference volume (Vref) of the globuli cell cluster, a random systematic 

sampling regime identified 10 sections from within the series. Using a Zeiss Axio Imager 

Z.2 microscope, an image of each section was projected onto a computer monitor at 730x 

final magnification, and a 30mm2 grid overlay was used in a point counting method, 

described by Gundersen et al. (1988).   

Physical Dissector Method 

Nucleolus density (Nv) within V(ref) was calculated from 38 dissector pairs, with a mean 

dissector  volume of 12867µm3.  The total number of nucleoli, N(nuc), was calculated 

with the following formula N(nuc) = V(ref) * Nv (Geinisman et al 1996, Brown et al 

2002). 

 

Results 

Overview of the hemiellipsoid body 

The hemiellipsoid bodies of the hermit crab C. clypeatus are second order olfactory 

neuropils that dominate the brain’s lateral protocerebra.  The structural divisions of the 

hemiellipsoid body are clearly defined in histological section, with divisions further 

delineated and clarified by immunostaining (Fig. 1A, E) and by reduced silver staining 

(Fig. 1B-D, F). The primary visual neuropils (the lamina, medulla, lobula and lobula 

plate) flank the lateral protocerebrum and are connected to its medulla terminalis, which 

is a collection of delineated neurons, most as yet unnamed, surmounted by the 

hemiellipsoid body. The position of one of the optic lobes relative to the ipsilateral 

hemiellipsoid body is shown in Fig. 1D. Other dominant regions in the brain of C. 
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clypeatus, not shown here but described by Harzsch and Hansson (2008), are its primary 

olfactory centers, the olfactory lobes, each of which is supplied homolaterally by the 

axons of olfactory sensory neurons situated in asthetascs that decorate the antennules 

(Harzsch and Hansson, 2008). As in other decapods (Schmidt and Ache,1996), sensory 

axon terminals are contacted by the extensively arborizing dendrites of projection 

neurons. In an adult hermit crab, some twenty thousand of these from each olfactory lobe 

contribute to a massive tract of axons called the olfactory globular tract that bifurcates in 

the mid-brain, just posterior to the central complex, sending a branch to the ipsi- and 

contralateral hemiellipsoid bodies. Thus, each hemiellipsoid body receives inputs from 

both olfactory lobes. Less than 10% of afferent axons extend directly to neuropils 

immediately beneath the hemiellipsoid body belonging to the medulla terminalis.  

Globuli cells 

The hemiellipsoid body is surmounted by an enormous cluster of extremely small 

basophilic cell bodies that provide two classes of neurons seen in Golgi impregnations: 

intrinsic, or local interneurons, and one type of efferent or output neuron. The latter 

derives its inputs from the layered neuropils of the hemiellipsoid body and provides 

outputs to neuropils of the medulla terminalis immediately beneath the hemiellipsoid 

body.  

 These small cell bodies are here termed globuli cells as are the cell bodies of intrinsic 

neurons that form the bulk of an insect’s mushroom body. In insects, depending on the 

size of the mushroom body and the species, there may be as few as 2,000 globuli cells, as 

in Drosophila melanogaster, or as many as 35,000 globuli cells, as in the grasshopper 
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Schistocerca gregaria. In certain social and parasitoid Hymenoptera, each mushroom 

body may possesses more than 300,000 such cells. 

 We have estimated the number of globuli cells in C. clypeatus employing the 

Cavalieri Estimator of Volume (Gundersen & Jensen 1987), and the Physical Dissector 

Method (Sterio 1984), applied to observations of reduced silver sections, in which 

nucleoli of neuron somata are easily identifiable. Using nucleoli for estimating cell 

counts rather than nuclei ensures that all cell bodies have an equal chance of being 

counted only once. Nucleoli are intensely argyrophilic, appear almost blue-black against 

lighter blue, and purple structured nuclei and cytoplasm. The smallest nucleoli at 1.6µm 

in diameter are well resolved; the largest in cell bodies closest to the underlying neuropil 

can measure 2.2µm in diameter.  To fulfill the basic methodological requirement that the 

distance between disector pairs cannot be greater than the particle being counted (Sterio 

1984), the disector height was set at 1.5µm.  The disector method compares pairs of serial 

sections within counting frames that are a known distance apart and employs the 

principle that if a particle (in this case, a nucleolus) is seen in one section, but not the 

next, only then is it counted.  There are two steps to providing the final estimate; the 

reference volume (Vref) of the globuli cell cluster calculated using the Cavalieri 

Estimator of Volume (see Gundersen & Jensen 1987) followed by calculating nucleolus 

density (Nv) within Vref.  This provides an unbiased estimate of the total number of 

nucleoli, N(nuc), and thus the total number of globuli cells comprising the cluster. 

V(ref) Nv N(nuc)   

12362528µm3 0.010665 124,428.85 
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Because the volume and the numerical density are both calculated from the same series of 

sections, potential issues relating to tissue shrinkage become irrelevant. Counts of 

nucleoli resolve approximately 124,000 globuli cells associated with one hemiellipsoid 

body, here of an adult C. clypeatus weighing 4 gms when removed from its adopted shell.  

 As shown in the accompanying paper (Wolff et al., 2011), globuli cell neurites 

provide a dense layer of axon-like processes called the globuli cell fiber intermediate 

layer that extends completely over the core neuropil of the hemiellipsoid body, separating 

it from the superficial layer of cap neuropil. The globuli cell processes in this layer 

bifurcate to form a curtain of axon-like processes that bisects the core neuropil (Fig. 1A). 

Some of these processes supply inputs to neuropils of the medulla terminalis lying 

immediately beneath the hemiellipsoid body core. Globuli cells provide two types of 

neurons: intrinsic neurons, the neurites of which occupy the dense globuli cell fiber 

intermediate layer many processes of which also contribute to the curtain. The globuli 

cell fiber intermediate layer provides many of the intrinsic processes that invade the cap 

neuropil and much of the underlying core neuropil. The curtain provides both intrinsic 

processes and the fibers of efferent neurons 

. 

Afferent supply to the hemiellipsoid body 

As remarked above, afferent supply to the hemiellipsoid body is organized into distinct 

layers (Fig. 1E, F); a cap layer and then, beneath the globuli cell fiber intermediate layer, 

many neuropil laminae that comprise the core neuropils. These laminae are each 

composed of layers of long terminal processes from the olfactory globular tract 

interspersed amongst collaterals and other processes belonging to intrinsic neurons and 
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efferent neurons.  Viewed laterally in histological sections, the core neuropil (Fig. 1), can 

be subdivided into three nested zones as shown in Fig. 2 of the companion account.  A 

glancing section through the hemiellipsoid body (Fig. 1B), normal to the line indicated as 

“B” in Figure 1A, shows the layer of neurites of intrinsic neurons comprising the globuli 

cell fiber intermediate layer between the cap neuropil and the core neuropil as a 

continuous ring, and the cap and core neuropil containing their hallmark arrangements of 

parallel bundles of afferent terminals.  

 Counts from cross sections of the olfactory globular tract estimate that 20,000 

thousand axons from each olfactory lobe project bilaterally to the paired hemiellipsoid 

bodies. This suggests that 40,000 axons may enter each hemiellipsoid body. This 

compares with about 850 projection neuron axons to one mushroom body in the 

honeybee. As described in the companion account, this massive supply in Coenobita can 

be visualized in toto by injecting the lipophilic tracer DiA into one olfactory lobe and 

then allowing the dye to diffuse along the olfactory globular tract bilaterally into the 

paired hemiellipsoid bodies. Axons of projection neurons from the olfactory lobes 

provide inputs throughout the entirety of the hemiellipsoid body. They enter into its 

medial surface from the olfactory globular tract as broad swathes (Fig. 2A, B). Afferent 

axons are then further segregated into smaller fascicles denoted by their directional 

orientations and by interdigitating glial processes (Fig. 2C). At this level, no synaptic 

contacts are seen between axon profiles belonging to afferent inputs, suggesting that each 

projection neuron carries discrete information to its cognate bundle in synaptic neuropil 

of the hemiellipsoid body. Fascicles then split into numerous groups (Fig. 2D) that 

further divide into bundled axon terminals, each of which can be resolved to contribute to 
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both the cap neuropil and to distinctive laminae that are arranged beneath this superficial 

layer. Typically, these bundles are cordoned by glial sheaths part of the way into the 

neuropil (Fig. 2D, E), after which the terminals provide characteristic boutons that form 

microglomerular complexes with intrinsic neurons (see below).  

 

The Cap Layer 

As described in the companion account, the cap layer is composed of synaptic neuropil 

lying immediately beneath the globuli cell cluster and above the globuli cell fiber 

intermediate layer (Figs. 1A, 3A). High resolution of afferent axons supplying the cap 

layer show these as bundles extending through a matrix of pre- and postsynaptic profiles, 

and their processes, which belong to intrinsic neurons and efferent neurons (Fig. 3A). 

Collateral processes arising from the globuli cell fiber intermediate layer intersect the 

bundled afferent endings (Fig. 3B). Typically, efferent axon terminals in the cap have 

larger diameters than those in the core (Compare Fig. 4A with Fig. 5A) and fewer 

profiles contribute to any bundle, which also appear widely separated in the cap (Fig. 

4B). Two types of specializations decorate afferent endings: irregular elongated swellings 

or swollen boutons (Fig. 4C). Both kinds of specializations contribute to synaptic 

complexes where presynaptic sites in boutons appose groups of triad or tetrad 

arrangements of postsynaptic profiles (Fig. 4D). Typically, presynaptic sites are denoted 

by electron dense membrane thickenings.  Irregular varicosities also appose many smaller 

postsynaptic profiles (Fig. 4E), but these also participate in serial synaptic arrangements 

suggestive of more elaborate connections from this type of afferent specialization (Fig. 

4E, boxed area) . Small electron dense rods at the presynaptic sites typify elongate 
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varicosities whereas presynaptic sites in boutons are denoted by electron opacities along 

the presynaptic membrane wherever this apposes postsynaptic profiles denoted by 

electron dense saw tooth-like postsynaptic thickenings (Fig. 4D). Bouton-centered 

synaptic complexes morphologically correspond to microglomeruli described from 

observations of insect mushroom body calyces, where large swollen profiles belonging to 

projection neuron terminals from the antennal lobes are surrounded by the dendritic 

spines of Kenyon cells (see Discussion and Figure 6, below) 

 

Core Neuropils associated with the globuli cell fiber intermediate layer 

The complexity of organization in the core neuropil is comparable to that within the lobes 

of an insect’s mushroom body.  However, unlike insects, in anomuran crustaceans, 

olfactory projection neurons do not terminate in a special structure comparable to a calyx 

but enter all levels of the core neuropils. As in the cap neuropil, axon bundles from the 

olfactory globular tract terminate as bundled groups. However, the diameters of terminals 

in the core are smaller than terminals supplying the cap (Fig. 5A). Within the core 

neuropil, processes of intrinsic neurons extend alongside as well as intersect afferent 

bundles (Fig. 5B), the latter giving rise to irregular or bouton-shaped swellings, as do 

afferents in the cap neuropil (Fig. 5C, D). High resolution shows these to contain 

numerous presynaptic sites apposing a surround of small postsynaptic profiles, again 

suggestive of massive divergence to numerous dendritic spines of intrinsic neuron (Fig. 

5C, D). Synaptic complexes centered on boutons are yet again reminiscent of 

microglomeruli typifying insect calyces. 
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 Even though Golgi impregnations only resolve at most 1% of the profiles actually 

present, these suggest chaotic arrangements of intrinsic neuron processes (Fig. 6A). 

However, such entangled processes comprise all the neuropil volumes between afferent 

bundles, which as shown at high resolution comprise densely packed  profiles (Fig. 6B). 

Many of these processes are interpreted as belonging to intrinsic neuron processes, but 

others are likely to represent efferent neurons as well as modulatory elements that invade 

all levels of core neuropil. Notably, core neuropil contains large presynaptic boutons that 

are distinguished from those of afferent terminals in having both small and dense core 

vesicles, the latter probably representative of neuromodulatory synapses (Fig. 6 C-F). 

That such profiles represent different types of afferent neurons is suggested by their 

various electron opacities; that shown in Fig. 6C is relatively translucent compared to the 

profile in Fig. 6D.  The profile in Fig. 6E is packed with vesicles, but unlike the afore-

mentioned profiles appears to establish synaptic contact onto the profile of an afferent 

ending. Synaptic configurations also denote different types of processes (Fig. 6G-K), 

although they have not yet been matched to their cognate Golgi impregnated neurons. 

Some presynaptic sites are denoted by small button like specializations, others by rods 

around which are clustered vesicles, and yet others appear remarkably similar to the T-

shaped or table-shaped presynaptic specializations typical of dipteran insects (Fig. 6H, 

K).  

 

Core neuropil associated with the curtain 

Thousands of neurites branch off from the globuli cell fiber intermediate layer to form the 

curtain, which approximately bisects core neuropil (Wolff et al., 2011). Neurites 
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composing the curtain include both intrinsic neurons and efferent neurons that connect 

layers of the core with underlying neuropil of the medulla terminalis. The neurites of both 

provide collaterals that extend into the core neuropil (Fig. 7A). Low power electron 

micrographs reveal these as composed of 30-40 thin collaterals, each providing further 

branchlets (Fig. 7B). These are decorated with specializations such as spines and beaded 

swellings, which at higher resolution reveal their participation on complex synaptic 

arrangements. For example, some large varicose profiles interpreted as postsynaptic 

elements of a class of intrinsic neurons receive converging inputs from other intrinsic 

elements, with the involvement of serial synapses (Fig. 7C).  Such postsynaptic 

complexes are thus suggestive of microglomeruli, but having the opposite polarity; the 

large profile being surrounded by inputs rather than providing outputs to surrounding 

postsynaptic elements (Fig. 7C, I), and participating in elaborate arrangements of serial 

synapses (open arrowheads in Fig. 7G). 

 Efferent pathways originate at knob-like synaptic spines onto which converge many 

presynaptic profiles, some of which are part of serial synaptic arrangements (Fig. 7D). 

Typically, the necks of these spines also receive converging inputs (Fig. 7D, E). Synaptic 

organelles further distinguish profile types, those having rod-like presynaptic bars being 

typically electron lucent and having relatively few presynaptic vesicles (Fig. 7E, F). 

Reciprocal connections, such as shown in Fig. 7F are common, as are profiles equipped 

with dense core vesicles (Fig.7G). Certain profiles so equipped are postsynaptic, from 

which can be conjectured that the release of their vesicle contents is under the direct 

control of local interneurons (Fig. 7H). 
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Discussion 

This study provides key evidence that in C. clypeatus synaptic configurations amongst 

afferent endings in the hemiellipsoid bodies from the olfactory lobes are comparable to 

the organization in insects of terminals in mushroom body calyces provided by afferents 

from the antennal lobes. In an adult C. clypeatus, some 40,000 inputs from the olfactory 

globular tract enter the hemiellipsoid body through three main tracts that further divide 

into hundreds of discrete bundles. Together with the profiles of intrinsic neurons and 

efferent neurons, these provide a system of synaptic laminae throughout all the neuropil 

regions of the hemiellipsoid body. As shown in the companion account, these are 

comparable with the laminar organization of intrinsic neurons and their associated 

profiles in the lobes of insect mushroom bodies.  

 In insects, Kenyon cell dendritic spines in the mushroom body calyces cluster around 

the swollen presynaptic specializations of afferents, forming what are known as 

“microglomeruli.” Electron microscopy of the C. clypeatus hemiellipsoid body reveals 

the terminals from the olfactory globular tract equipped with swollen presynaptic 

varicosities, each of which provides outputs to numerous postsynaptic dendritic spines in 

the cap and core regions. These spines belong to intrinsic neurons, which originate from 

globuli cells located immediately above the hemiellipsoid body. This arrangement 

corresponds to the “microglomeruli” of the insect mushroom body.  

 In the hemiellipsoid body, neurites from globuli cells enter the underlying neuropil to 

form a thick layer of processes covering the core neuropil, separating this from cap 

neuropil. The neurites also branch to form the curtain, a system of collaterals that 

approximately bisect the core neuropil. Together, processes branching from neurites in 



279 
this distal layer (the globuli cell fiber intermediate layer) and from the curtain have the 

status equivalent to that of Kenyon cell processes that equip the lobes of insect mushroom 

bodies. In the lobes, prolongations of Kenyon cells provide constituents of local circuits, 

in which Kenyon cell processes are pre- and postsynaptic to each other.  They are also 

presynaptic to efferent profiles, often via serial synapses, and postsynaptic to neurons that 

invade the lobes and which are equipped with dense core vesicles. Thus, Kenyon cells 

participate in receiving inputs from olfactory relay neurons and in providing elaborate 

synaptic circuits involving other Kenyon cells as well as the dendritic processes of output 

neurons and terminals of afferents supplying the mushroom body lobes, many of which 

contain modulatory neuropeptides (Séjourné et al., 2011). In C. clypeatus, while there is 

no distinct calyx, afferent axons into the hemiellipsoid body are similarly presynaptic 

onto numerous postsynaptic profiles belonging to intrinsic neurons.  Furthermore, 

processes of intrinsic neurons participate in elaborate synaptic complexes, including 

serial synapses, with other neurons, including those containing dense core vesicles 

indicative of modulatory transmission. Thus, microglomeruli in the mushroom body 

calyces and microglomeruli in the hemiellipsoid body, as well as synaptic complexes in 

the mushroom body lobes and in the hemiellipsoid body core suggest that synaptic 

arrangements in both centers reflect a common ground pattern of functional organization. 

Some of these correspondences are further summarized in Figure 8. 

 Considering that the time of divergence of insects and malacostracan crustaceans 

from a common ancestor is likely to be at least 450-410 million years, in the late Silurian 

or Early Devonian, is it plausible that the observed similarities described above indeed 

reflect common ancestry of the two centers? Might these corresponding arrangements 
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reflect convergent evolution of centers that in the land hermit crab and, for example, in 

the American cockroach, serve similar functions in olfactory discrimination and spatial 

cognition? While there is no way of a priori discounting convergence, the most 

parsimonious explanation is that such similarities are more likely to represent 

genealogical correspondence and homeoplasies. Combined cladistic analysis using both 

neural characters and Expressed Sequence Tags support the view that Hexapoda originate 

from within the Crustacea, and that they share numerous neural traits with those of 

malacostracan and remipede crustaceans (Strausfeld and Andrew, 2011; Andrew, 2011). 

Recent morphological studies by Stegner and Richter (2011) have revealed that paired 

mushroom body-like centers are not exclusive to terrestrial arthropods but exist in 

Cephalocaridae, thought to be the most primitive representative of the Crustacea. In this 

taxon, the paired mushroom bodies receive homolateral inputs from the olfactory lobes, 

as do similarly structured centers in Chilopoda, basal apterygote, and pterygote insects 

(Stegner and Richter, 2011). Thus, the arrangement of a calyx-like neuropil supplied by 

olfactory afferents, and providing parallel processes to integrative neuropils in the lobes, 

is an ancient morphology that is likely to represent the ground pattern organization across 

the Arthropoda (Strausfeld 2011). Mushroom bodies comprise a system in which the 

level of olfactory afferents onto intrinsic neurons is separate from the level at which 

intrinsic neurons output onto efferent neurons. A simple modification of that arrangement 

is to collapse the separated input level typical of a lobed mushroom body into the same 

level at which intrinsic neurons provide outputs. This transformation, as schematized in 

the companion account, is a topological one that does not impact synaptic organization. 

Furthermore, it should be recalled that not all insect species possess mushroom bodies 
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with a calyx, but comprise only laminated lobes. Again, this modification does not impact 

the ground pattern organization described above. Furthermore, Archaeognatha, flightless 

insects that first appeared in the Lower Devonian, possess hemiellipsoid-like centers 

rather than lobed mushroom bodies Strausfeld et al., 2009; Missbach et al., 2011). 

 In conclusion, in addition to features observed by light microscopy, which are 

described in the companion account (Wolff et al., 2011), observations of fine structural 

organization described here suggest that the simplest interpretation of the observed 

similarities between mushroom bodies and hemiellipsoid bodies is that despite obvious 

divergent evolution of topology and overall shapes of mushroom bodies and 

hemiellipsoid bodies, these similarities reflect genealogical correspondences  
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Figure legends 

Figure 1.  The ordered structure of the hemiellipsoid body is clearly delineated in 

histological section.   A.  Thick tracts of axon-like processes (white arrows) that originate 

from globuli cells (gc) lying in a cluster above the hemiellipsoid body form a layer 

beneath the outermost cap region (Cp) that entirely covers the core neuropil. This layer 
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divides to provide a curtain of processes that extends through the central core zones (Cr-

1; Cr-2; Cr-3) to reach underlying neuropils of the medulla terminalis. Swathes of axons 

from the olfactory globular tract enter the hemiellipsoid body through its medial face. 

These then divide to provide small discrete bundles or fascicles of inputs to each of these 

zones (cyan; anti-alpha tubulin).  Within the three core zones, layers of these axon 

bundles are seen distributed against densely labeled profiles of local interneurons and 

efferent neurons (magenta) that are immunoreactive to anti-DCO.  The line (B) indicates 

the plane of histological section shown in 1B.  B.  At this level, the section has removed 

the cap neuropil and part of the underlying layer of intrinsic neuron fibers to expose the 

first level of the core, showing the bundles of axon terminals extending across it. Part of 

the cluster of globuli cells demonstrates two sizes of somata, larger ones nearest to the 

hemiellipsoid body neuropil.  C. D. Two consecutive levels stained with reduced silver 

showing the globuli cell cluster (gc) and the arrangements of processes from globuli cells 

that form the outer layer (gcf-il) and the curtain (arrowed ctn). Reduced silver 

demonstrates the heterogeneous nature of the underlying medulla terminalis comprising 

many delineated neuropil regions. E, F. Enlarged areas from A, B respectively, show that 

bundles of afferent endings (cyan: anti-alpha tubulin in E; dark argyrophilic profiles in F) 

are grouped as layers. Scale bars: A – D; 100µm, E – F; 50µm.   

 

Figure 2.  A. Transmission electron micrograph of the swathes of afferent axons entering 

the medial face of the hemiellipsoid body . The area depicted corresponds to the boxed 

area in Figure B, which is a confocal image of axons labeled with DiA applied to single 

olfactory lobes entering the hemiellipsoid body.  These axons enter the hemiellipsoid 
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body as three broad swathes before breaking up into individual bundles of terminals 

processes, as shown in Figure 1A. C. At the edge of the hemiellipsoid body, incoming 

axons begin to be divided into clusters separated by interdigitating glial processes (at 

arrows). D, E.  At a higher magnification, bundled axons are seen to be enclosed by glial 

cell processes (arrows), which become fewer as the bundle penetrates into the synaptic 

neuropil proper.  Scale bars:  A and C; 10µm, B; 20µm, D; 2 µm, E; 5 µm.  

 

Figure 3.  A.  The cap layer of the hemiellipsoid body lies beneath the cluster of globuli 

cells, which send projections through the cap neuropil and form the globuli cell fiber 

intermediate layer.   The synaptic neuropil of the cap, as seen in this electron micrograph, 

shows alternating layers of axon bundles (circles), and a matrix of intrinsic neurons and 

efferent neurons.  For orientation purposes, part of a globuli cell nucleus is identified 

(gc).  B. At higher resolution, afferent axons (circles) are seen to intersect with collateral 

processes arising from the globuli cell fiber intermediate layer (arrows) to form a 

rectilinear arrangement.   Scale bars: A; 10µm, B; 2µm. 

 

Figure 4.  In the cap layer, bundles of axons (circle, black arrow) are alternately layered 

with  intrinsic neurons and efferent neurons.  The axons terminate in presynaptic 

complexes (eg; arrowheads, boxed areas) surrounded by numerous small cap neurons, of 

which one type is  morphologically very similar to the microglomerular complexes 

present in the insect mushroom body calyces.  Boxed regions are shown enlarged in D, E.  

B.  The bundles of axons in the cap layer (cp) are also resolved with 

immunohistochemistry, using anti-alpha tubulin.  The globuli cell cluster (gc) above the 
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hemiellipsoid body, extends processes via the cap to the globuli cell fiber intermediate 

layer (gcf-il), many immuno-positive bundles of axons are evident within the cap layer 

(arrow).   The position of the hemiellipsoid body core (Cr) is shown.  C.  In reduced 

silver stained preparations, two morphological types of afferent terminal specializations 

are observed; elongated swellings, or swollen boutons (arrow heads).  At a higher 

resolution, these morphologies correspond to either large presynaptic varicosities (D, 

swollen boutons), or long multi-profile presynaptic complexes (E, elongated swellings).  

D.  Presynaptic regions (arrow heads) within this varicosity are identified from the 

presence of small opaque vesicles aligned at electron dense membrane thickenings.  A 

small number of dense-cored vesicles are also present at the presynaptic terminals.  At 

least two, but usually more than two postsynaptic profiles are associated with each 

presynaptic specialization.  This bouton-centered synaptic complex corresponds 

morphologically to the microglomeruli of insect mushroom bodies (refer Fig. 8).  E.  

Elongate presynaptic complexes (synapses indicated by arrows) form serial synapse 

arrangements.  Often the presynaptic membrane specialization contains a rod-shaped 

electron dense structure, around which the synaptic vesicles cluster.  Different 

morphologies and sizes of synaptic vesicles are evident at the presynaptic terminals.  

Scale bars: A; 2µm, B; 100µm, C; 10µm, D, E; 500 nm. 

 

Figure 5.  A.  Axon bundles from the olfactory globular tract terminate within the highly 

complex core neuropil, and are arranged in alternating layers with profiles of intrinsic 

neurons and efferent neurons.  Olfactory projection neurons enter all levels of the core 

neuropil, and terminate as bundled groups (circles), with the core zones being rich in 
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synaptic contacts.  In comparison with the afferent bundles in the cap layer, core layer 

afferents are smaller in diameter (compare Figure 4A).  B.  Processes of intrinsic neurons 

(arrows) extend along, and also intersect afferent bundles (circles), an arrangement also 

observed in the cap neuropil (refer Fig. 3B).  C, D.  High resolution images of the 

afferent terminals within the core neuropil reveal irregular or bouton-shaped varicosities, 

as seen in the cap neuropil (refer Fig. 4D, E).  These large terminals are surrounded by 

many smaller core neurons, with which they form both pre- and postsynaptic 

communication (arrows indicate varicosity postsynaptic sites, arrowheads indicate 

varicosity presynaptic sites).  Scale bars: A, B; 2µm, C; 1µm, D; 500nm. 

 

Figure 6.  A.  Golgi impregnation of intrinsic neurons of the core reveals the structural 

complexity of this neuropil, and provides an indication of the size and density of the 

afferent terminals.  B.  The fine structure of the core neuropil demonstrates that the 

afferent bundles are layered with a densely packed matrix of core neurons, comprised of 

intrinsic neurons as well as efferent and modulatory neurons.  C, D.  Large presynaptic 

varicosities within the core neuropil display fundamental differences, suggesting these 

profiles represent different types of afferent neurons.  While that shown in C is relatively 

electron-lucent and contains small vesicles, the varicosity shown in D has pronounced 

presynaptic membrane specializations, is relatively electron dense, and the vesicles are 

large and dense-cored.  E-K.  The core zone is rich in synaptic communication, and 

synapse morphology, indicative of the different types of processes within this layer.   

Presynaptic specializations include: rods, small buttons, and t-shaped synapses (H-K), 

which are very similar to the specializations typical of some insects.  Different 
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morphologies of synaptic vesicles are also present: small, large, and dense-cored, further 

suggesting there is an array of neuron types within the core neuropil.  Scale bars: A, 

10µm, B; 1µm, C – K; 500nm. 

 

Figure 7.  A.  Neurites of both intrinsic neurons (that have branched off of the 

globuli cell fiber intermediate layer) and efferent neurons compose the curtain that 

partially bisects the core neuropil.  B.  Collaterals of curtain neuritis (ctn, arrow) extend 

into the core neuropil, with 30-40 thin collaterals providing further branchlets (arrows). 

C.  Serial synapses (indicated by arrowheads, also refer 7G) within the core neuropil 

connect intrinsic neurons. While the postsynaptic complexes are suggestive of 

microglomeruli, they have the opposite polarity, with the large profile surrounded by 

inputs rather than providing outputs to surrounding postsynaptic elements (see also 7 

I).  D, E. Efferent pathways originate at knob-like synaptic spines onto which converge 

many presynaptic profiles, some of which are part of serial synaptic arrangements.  The 

necks of these spines also receive converging inputs (arrow).  F-G.  Synaptic profile types 

can be distinguished by the morphology of the presynaptic specialization; rod-like 

presynaptic bars being typically electron lucent and having relatively few presynaptic 

vesicles.  Reciprocal connections are common, as are profiles equipped with dense core 

vesicles (G). Certain profiles so equipped are postsynaptic, from which can be 

conjectured that the release of their vesicle contents is under the direct control of local 

interneurons (Fig. 7H).  Scale bars: A; 20µm, B; 5µm, C-F; 500nm. 

 

Figure 8.  A comparison of the fine structure of the hemiellipsoid bodies and the insect 
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mushroom bodies reveals many shared characteristics.  In the cap layer of the 

hemiellipsoid body (A- D), large varicosities reminiscent of insect mushroom body 

microglomerular complexes are present (compare I, J, M, N).  A.  A cluster of 

varicosities is shown that form synapses between adjacent varicosities, and with 

surrounding intrinsic neurons.  B.  One varicosity is shown, surrounded by many small 

intrinsic neurons (refer organization in I, M). The varicosity is presynaptic to the intrinsic 

neurons, and a variety of morphological types of synaptic vesicles can be seen aligned at 

the presynaptic terminals (will add arrows).  A synapse can also be seen between two 

intrinsic neurons (arrowhead).  C, D.  Various synaptic vesicle morphology is evident. 

In C, large dense core vesicles can be seen aligned at the presynaptic specialization, and 

also in close proximity to the presynaptic terminal.  In D, small clear vesicles are aligned 

at the presynaptic specialization, with large dense core vesicles also evident within the 

presynaptic terminal.  In the core neuropil of the hemiellipsoid body (E - H), 

microglomerular-like varicosities are also evident.  E.  Evidence of synaptic complexity 

within the core neuropil is shown.  A presynaptic terminal partners with seven core 

neurons. Numerous vesicles can be seen in both pre- and postsynaptic partners, with 

small clear vesicles, and large dense cored vesicles both present.  F.  Two large 

varicosities are shown, forming synapses with many of the small core neurons that 

surround them.  G.  One varicosity is shown, which contains numerous dense core 

vesicles and small clear vesicles.  Synaptic partners are formed with the surrounding core 

neurons.  H.  This varicosity is both presynaptic (arrows) and postsynaptic (arrowheads) 

to the surrounding core neurons.  The varicosity is filled with numerous vesicles of 

various morphologies, as are the surrounding core neurons.  The presynaptic 
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specializations form long contact zones with the postsynaptic partner.  I, J.  The 

microglomerular complexes of Drosophila calyx have been well described, and are 

shown here to provide a direct comparison to the varicosities found in the hemiellipsoid 

body of Coenobita.  The microglomerular complexes are surrounded by numerous small 

neurons.  Dense cored and small clear vesicles can be seen within the synaptic partners, 

and long synaptic contact zones are also seen.  K.  Synaptic complexity is also evident 

within the calyx neuropil.  This presynaptic neuron is partnered with five postsynaptic 

neurons.  L.  Typical insect T-bar presynaptic specializations are shown, with three and 

two synaptic partners as indicated.  Within the medial lobe neuropil of Drosophila (M-O), 

further evidence of microglomerular complexes, and synaptic complexity is shown.    M. 

Large presynaptic complexes partner with many surrounding smaller mushroom body 

neurons.  N.  In some instances, synapses are observed to have four postsynaptic partners, 

and three synaptic partners, as indicated.  O.  At this synapse small clear vesicles are seen 

aligned at one synaptic partner (arrows), while a second vesicle morphology is seen 

aligned at the opposing synaptic membrane (arrow head).  
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GRAPHICAL ABSTRACT 

  

 

SUMMARY 

Except in species that have undergone evolved loss, paired lobed centers referred to as 

“mushroom bodies” occur across invertebrate phyla [1-5]. Unresolved is whether these 

centers, which in insects support learning and memory, correspond genealogically or 

whether their neuronal organization suggests convergent evolution. Here, anatomical and 

immunohistological observations demonstrate that across phyla, mushroom body-like 
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centers share a neuroanatomical ground pattern and proteins required for memory 

formation.  Paired lobed or dome-like neuropils characterize the first brain segment 

(protocerebrum) of mandibulate and chelicerate arthropods, and the non-ganglionic 

brains of polychaete annelids, polyclad planarians and nemerteans. Structural and 

cladistic analyses resolve an ancestral ground pattern common to all investigated taxa: 

chemosensory afferents supplying thousands of intrinsic neurons, the parallel processes 

of which establish rectilinear networks with feedback loops, modulatory inputs and 

efferents. Shared ground patterns and their selective labeling with antisera against 

proteins required for normal mushroom body function in Drosophila are indicative of 

genealogical correspondence and thus an ancestral presence predating arthropod and 

lophotrochozoan origins. Implications of this are considered in the context of mushroom 

body function and early ecologies of ancestral bilaterians. 

 

RESULTS AND DISCUSSION 

In insects, mushroom bodies (Figures 1A and 1B) are paired lobate centers. Each 

comprises a stalk (pedunculus) branching to 2-5 lobes made from thousands, sometimes 

hundreds of thousands, of approximately parallel processes originating from minute 

perikarya clustered above the dorsal surface of the forebrain [1]. Domed centers, also 

comprising many thousands of parallel fibers, occur at corresponding levels in  

malacostracan crustacean forebrains (Figures 1C, G) [2, 3, 8]. Paired lobate centers also 

occur in the asegmental brains of annelids [5, 8], Platyhelminthes (flatworms) and the 

forebrain of Onychophora [11]. Here we address whether these centers across Arthropoda 

and certain Lophotrochozoa possess structural correspondences supporting homology and 
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whether these centers are likely to have existed in a bilaterian ancestor before the advent 

of the Cambrian explosion.  

To explore correspondences, we first identify unique neural arrangements in 

paired, lobed or domed forebrain centers that are accorded the term “mushroom bodies” 

(insects) and “hemiellipsoid bodies” (crustaceans).  Four invariant characters define these 

centers’ ground pattern (Figure 1). (1) Clusters of basophilic globuli cells (Figures 1F and 

1G) giving rise to intrinsic fibers extending throughout the center provide(2) 

approximately parallel arrangements (Figures 1H-1K). (3) Intrinsic fibers contribute to a 

rectilinear network with arborizations of extrinsic (input/output) neurons  (Figures 1H 

and 1J) and (4) centrifugal cells that loop back to more distal levels thereby forming 

feedback pathways (Figures 1D and 1E). The ground pattern is further defined by 

enriched expression of proteins essential for learning and memory functions in 

Drosophila (Figures 1F, 1G, and Figure 2): namely, protein kinase A catalytic subunit 

alpha (DC0) [15]; Leonardo (Leo)[16], the orthologue of mammalian 14-3-3ζ; and 

calcium/calmodulin dependent protein kinase II (CaMKII)[17, 18]. Genealogical 

correspondence across phyla would be strongly supported if paired forebrain neuropils 

shared this composite ground pattern of structural organization and protein expression 

patterns.  

 

Morphological correspondence of the mushroom body ground pattern across 

Arthropoda 

Golgi impregnations and Bodian silver stains demonstrate in insect, myriapod, and 

chelicerates lobate centers, and in decapods domed centers, surmounted by dense 
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accumulations of globuli cells each providing a long thin axon-like fiber. Fibers 

contribute to successive layers of local circuits involving rectilinear arrangements of 

efferent and afferent arborizations (Figures 1F-K and Figure S1A, C, F-H)[2, 3]. Layers 

are supplied by interneurons originating in primary sensory neuropils as well as afferents 

from other protocerebral areas. Golgi impregnations reveal centrifugal processes linking 

different levels within these structures (Figure S1F). These arrangements all correspond 

to the mushroom body ground pattern (Figures 1D-E)[2].  

 

DC0, pCaMKII, and Leo immunoreactivity resolve mushroom body-like centers 

across Arthropoda. 

Antibodies against the proteins DC0, CaMKII and Leo also identify centers defined by 

the mushroom body neuronal ground pattern. Previous studies [3, 25] showing that insect 

mushroom bodies and their crustacean homologues are exceptionally immunoreactive to 

antibodies raised against DC0 suggested that DC0 expression at comparable levels should 

resolve paired forebrain centers in other arthropod taxa as well (Figures 1F and 1G). 

Likewise, because Drosophila DC0 protein and its mammalian orthologue, PKA-Cα are 

82% conserved [26] and because the protein kinase A gene sequence is retained across 

Metazoa [27, 28], the localization of this enzyme should allow the detection of candidate 

homologous neuropils even across phyla. Another protein, CaMKII is highly conserved 

throughout the Bilateria, with its regulatory domains sharing nearly identical amino acid 

sequences in Drosophila and rat [29].  CaMKII impacts numerous neuron functions 

including synaptic plasticity and induction of long-term potentiation [18]. Similarly, 

Leonardo, necessary for olfactory learning and memory, is greatly enriched in 
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Drosophila mushroom bodies working in concert with CaMKII to activate tyrosine 

hydroxylase [16, 30].  This 14-3-3 protein is highly conserved across the vertebrate and 

invertebrate species (with 88% conserved amino acid sequence between Leo and the 

mammalian 14-3-3ζ isoform [16]) and is also exceptionally enriched in the hippocampi 

of mammals such as mice, where a deletion in 14-3-3ζ results in cognitive deficiencies 

[31]. Mammalian orthologs of PKA-Cα, 14-3-3ζ, and CaMKII are implicated in a 

number of human neurological diseases and disorders such as autism, Alzheimer’s 

disease, and Angelman syndrome, which can cause learning and/or memory 

complications[32-34]. Due to the conserved nature of these proteins, both in amino acid 

sequence and their roles in learning and memory in insects and mammals, and their 

enriched expression in mushroom bodies compared to other neuropils, they should prove 

useful as markers for putative mushroom body homologues in other phyla. Thus, a palette 

of neuroanatomical and immunohistochemistry methods can be been used to compare 

neural organization across species and track the occurrence of mushroom body characters 

within a neural cladogram. 

DC0, phosphorylated CaMKII (pCAMKII), and Leo antisera were applied to 

vibratome sections of brains of representative taxa from each major arthropod group: 

Insecta, Malacostraca, and Myriapoda (Mandibulata), and to Scorpiones, Amblypygi and 

Uropygi (Chelicerata). An earlier study showed the mushroom bodies of insects, 

(exemplified by Periplaneta americana), and crustacean hemiellipsoid bodies 

(exemplified by Coenobita clypeatus) selectively resolved by DC0 immunoreactivity 

with their distalmost levels surmounted by basophilic globuli cell clusters (Figures 1F, 

1G, and [3]).  Mushroom bodies of P. americana are also highly immunoreactive to 
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antisera against pCaMKII and Leo (Figures 2E and 2G).  pCaMKII is enriched in the 

hemiellipsoid body of C. clypeatus (Figure 2F), however Leo immunoreactivity could not 

be determined in this tissue.  Paired lobate centers intensely immunoreactive to DC0, and 

which originate from beneath dense clusters of basophilic cell bodies, are resolved in the 

protocerebrum of the chilopod Scolopendra polymorpha and the diplopod Narceus 

americanus (Figures 2A and 2B).  These centers are likewise highly immunoreactive to 

antisera against CaMKII and Leo (Figure 2H), so demonstrating Myriapoda and 

Pancrustacea (Hexapoda + Crustacea sensu lato) sharing corresponding mushroom body 

protein expression.  

 The second major arthropod subphylum is Chelicerata, represented by marine and 

terrestrial taxa, but best known from arachnids such as spiders, scorpions, amblypygids, 

and uropygids. Here, anti-DC0 was applied to the brains of the African amblypygid, 

Phrynus marginemaculata and the striped-tail scorpion, Hoffmannius spinigerus (Figures 

2C and 2D), both exemplifying the diversity of lobed neuropils typical of chelicerate 

protocerebra [8]. Their lobed centers are intensely DC0 immunoreactive. Sister group to 

the amblypygi are Uropygi (vinegaroons), whose enfolded mushroom body lobes are 

resolved with antisera against pCaMKII and Leo (Figure 2I). With the inclusion of these 

taxa, DC0, pCaMKII, and Leo are shown localized to mushroom bodies in Mandibulata 

and Chelicerata.  

As evidenced by comparable immunoreactivity in the brain of the fig beetle, 

Cotinis mutabilis, which possesses the sense of olfaction[35], and in the anosmic 

whirligig beetle Dineutus sublineatus[7], DC0 immunoreactivity is elevated in the 

mushroom bodies regardless, indicating that this protein’s expression in mushroom 
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bodies is independent of sensory modality (Figure S2A and B). 

Lophotrochozoa.  

Bilaterians are generally divided into taxa that follow a deuterostome or protostome 

pattern of development.  Protostomes are further divided into Ecdysozoa, to which 

arthropods belong, and Lophotrochozoa, which includes annelids, planarians, and 

nemerteans[37] (see graphical abstract). 

1. Polychaetes, Annelida. The supraesophageal but asegmental brains (“acron”) of 

polychaete annelids posses centers characterized by thousands of minute processes 

originating from dense clusters of small basophilic somata. The processes extend in 

parallel to the main lobe and then adopt a rectilinear organization intersected by afferent 

and efferent arborizations as well as centrifugal elements between their different levels 

(Figure S3). These features correspond to the mushroom body ground pattern. In sabellid 

and polynoid polychaetes, chemosensory receptor neuron axons from the head 

appendages terminate in discrete glomeruli occupying lobes immediately caudal to the 

mushroom bodies [5,8]. However, in certain other polychaetes, including Nereis virens, 

corresponding glomeruli flank the mushroom body pedunculus and lobes from which 

intrinsic fiber processes extend out to grasp them (Figures S3A-S3C). Using N. virens as 

a representative taxon, brains embedded for immunocytology were treated with antisera 

raised against DC0, pCaMKII, and Leo.  Each of these proteins was enriched in the 

mushroom bodies, corresponding to the arthropod pattern of expression (Figures 3F, S3D 

and S3E). 

2. Platyhelminthes, Polycladida. These triploblastic acoelomates lack segmentation or 

specialized sensory appendages but have well-defined anterior brains surrounded by a 
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sheath (Figure 3A). The brains possess prominent paired centers that are DC0-positive 

(Figures 3B-3D). In Notoplana sanguinea, each center originates from a cluster of minute 

basophilic somata situated outside the surrounding sheath. About three hundred thin 

processes extend from these cell bodies into the brain, reaching to, with some crossing 

the brain’s midline. A second lobe expands ipsilaterally into a broader terminus. Reduced 

silver reveals an organization like that of a small mushroom body: parallel fibers 

intersected by other neuronal processes. However, there is no evidence that sensory 

interneurons supply the lobes. Rather, the arrangement of globuli cells and the initial 

segments of parallel fibers outside what is interpreted as the blood-brain barrier suggest 

that the distal parts of the intrinsic neurons directly receive information about the 

chemical composition of the immediate environment. 

3. Nemerteans, Heteronemertea.  Nemerteans  (roundworms) are unsegmented, predatory 

animals possessing complex brains, comprising of a pair of dorsal and ventral lobes that 

lie flat in the head capsule [38]. In Lineus viridis, there is attached to each dorsal lobe 

posteriorly a structure called the cerebral organ containing tightly packed somata 

corresponding to globuli cells.  Applications of DC0, Leo, and pCaMKII antisera to 

sectioned neural tissue of L. viridis resolve the dorsal lobes and cerebral organs together 

possessing the highest concentration of these proteins (Figures 3E, S3F and S3G), with 

DC0 most concentrated in the cerebral organ which may correspond to the calycal layer 

of insect mushroom bodies. Leo and pCaMKII are most concentrated in the dorsal lobes. 

 

Resolution of mushroom bodies by anti-Leo, pCaMKII, and DC0.  

Although 14-3-3 proteins are involved in a wide range of molecular pathways, studies 
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suggest that high levels of Leo expression in the mushroom bodies are acutely necessary 

for olfactory learning and memory, while lower expression levels are sufficient for the 

normal function of other cell types [39]. However, CaMKII and DC0 are ubiquitous 

among cell and tissue types. Why these proteins are resolved at such exceptionally higher 

levels, differentiating them from the surrounding neuropils, is still open to interpretation.   

CaMKII has a multitude of functions in various cell types, but important for 

learning and memory is the necessity for autophosphorylation of this protein at the 

postsynaptic density in order to achieve long term potentiation of neurons [40]. It is 

possible that antisera used in this study against autophosphorylated CaMKII localize at 

high levels in the mushroom bodies because these structures are involved in learning and 

memory and their intrinsic cells must have constitutively phosphorylated CaMKII to 

achieve synaptic plasticity. 

In its inactive form, PKA exists as a holoenzyme consisting of two catalytic 

subunits negatively modulated by two regulatory subunits.  Upon binding cAMP, the 

holoenzyme dissociates, leaving the catalytic subunits free to phosphorylate various 

substrates including transcription factors, synaptic vesicle proteins, and voltage or ligand 

gated ion channels [41].  One possible explanation for the relatively high 

immunoreactivity of the DC0 antibody in learning and memory centers is that the epitope 

might only be available in the dissociated, active form of the catalytic subunit and that 

PKA is persistently active to a large extent in these structures.  For example, persistent 

PKA activity may be achieved by increased production of cAMP during synaptic 

plasticity as well as ubiquitination of regulatory subunits leading to degradation in the 

proteasome and an overall higher ratio of catalytic to regulatory subunits [42]. 
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While high levels of DC0 have been previously been reported in the mushroom 

bodies of D. melanogaster  [15] and PKA has long been implicated in a role for synaptic 

facilitation across the Metazoa [41, 43], it is significant that all the protostome groups 

studied here share the character of having paired lobed centers in the protocerebrum that 

show extremely high DC0 immunoreactivity.  This shared trait, and the fact that such 

centers share neuroanatomical characters, implies that a last common ancestor of all 

protostomes possessed such centers.  

In insects, a persistently high ratio of PKA catalytic to regulatory subunits may 

allow for the integration of sensory information to form associations.  If even the simplest 

mushroom bodies, such as in planarians, likewise support learning and memory, then we 

might conclude that this functional property is likely to be ancient. The polyclad 

mushroom body can usefully serve as a proxy for such a structure in the brain of the 

lophotrochozoan-ecdysozoan ancestor, the ground pattern of which has been conserved 

across invertebrate phyla, irrespective of evolved elaborations (Figure 4).  Such 

elaborations include the absence, presence, or multiplication of levels, such as the 

calyces, to receive unimodal or multimodal inputs.  In certain taxa, directly relayed 

sensory input to the mushroom bodies has been lost [1], or, as in whirligig beetles, has 

switched from one modality to another [7]. 

Based on the conserved pattern across invertebrate phyla of DC0, pCaMKII, and 

Leo expression in centers having a corresponding neural ground pattern, we conclude that 

the last common ancestor of the ecdysozoans and lophotrochozoans also possessed that 

ground pattern. Relatively high expression of learning and memory proteins suggest that, 

when present, mushroom body-like centers support learning and memory as they do in 
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insects and that these centers enabled early bilaterians to form multisensory associations 

particularly in the more complex, turbid and evolving ecologies typifying the end 

Ediacaran and early Cambrian [44]. Indeed, the novel ability to form and act on sensory 

associations likely contributed to the rapid diversification of animal evolution known as 

the “Cambrian explosion.” 

If protostome bilaterian forebrains are denoted by paired mushroom bodies, are 

the forebrain of deuterostomes likewise endowed? That the ancestral bilaterian brain 

possessed a tripartite organization is supported by molecular evidence showing that 

orthologous genes required for fore-, mid-, and hindbrain are present in both protostomes 

and deuterostomes[45]. Cellular organization in mammalian hippocampus and insect 

mushroom bodies suggest forebrain correspondence [8]. Homologous transcription factor 

gene expression in the developing mushroom bodies of the polychaete Platynereis 

dumerilii and the developing mouse pallium, and to some degree in the mushroom bodies 

of Drosophila melanogaster[46], resolve conserved tissue patterning relating to 

corresponding gene expression and the differentiation of comparable neurons. High 

levels of proteins expressed in mushroom bodies also denote the mammalian 

hippocampus [47]. Our current research now focuses on whether this chordate forebrain 

center might share sufficient correspondence with mushroom bodies to suggest 

homology.  

  

EXPERIMENTAL PROCEDURES 

Please refer to the Supplemental Information for detailed experimental procedures. 
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Figure 1. Strategy for identifying mushroom bodies across invertebrate phyla. (A) 

Morphological ground pattern typifying basal insects.  Small, basophilic globuli cells (gc) 

provide the intrinsic parallel fibers (pf) that comprise mushroom body lobes.  Sensory 

afferents (aff) synapse onto intrinsic neurons while efferent neurons (eff) project from the 

lobes to other forebrain areas.  Centrifugal neurons (c) extend back onto intrinsic 

neurons, providing feedback loops into the system.  (B) Ground pattern elaborated in 

more derived taxa, such that discrete, parallel sets of globuli cells form layers of parallel 

fibers into the lobes, which are segmented into synaptic domains (ld), where efferent and 

afferent neurons are constrained to discrete levels.  (C) In malacostracan crustaceans, the 

basal mushroom body ground pattern has been modified to fit within the eyestalk, where 

it’s its layered intrinsic and other neurons retain the ground pattern circuitry. Typically, 

centrifugal neurons (here in the insects Apis mellifera (D) and Musca domestica (E)) 

project from deeper levels (shown here projecting from the ventral lobes (VL) of the 

center to distal levels of intrinsic neurons. In insects, their dendrites form a special 

structure called the calyces (CA). (F and G) Confocal laser scans from brain tissue 
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sections of the cockroach, Periplaneta americana and the hermit crab, Coenobita 

clypeatus, respectively. The mushroom bodies (MB) of the cockroach and layers of the 

hermit crab hemiellipsoid body (HB) are stained with relatively high intensity using the 

anti-DC0 antibody (magenta). α- tubulin immunoreactivity (cyan) and nucleic acid stain 

(green) provide structural reference (F and G). Golgi-impregnation (H) and reduced silver 

staining (I) of the cockroach MB resolves corresponding rectilinear arrangements of 

parallel fibers intersected by dendrites of efferent neurons. (J) Golgi-impregnated of the 

hemiellipsoid body reveals corresponding rectilinear arrangements of parallel fibers 

intersected by efferent dendrites. (K) Reduced silver staining of the HB demonstrates 

bundled parallel fibers characteristic of the mushroom body ground pattern. Scale bars = 

50µm in D; 25µm in E; 200 µm in F and G, 50µm in H-K. See also Figure S1. 

 

Figure 2. Anti-pCaMKII, DC0, and Leonardo reveal corresponding 

immunoreactivity of higher order brain centers across the Arthropoda. (A) Confocal 

laser scans from brain tissue sections of the centipede, Scolopendra polymorpha; (B) 

millipede, Narceus americanus, (C) amblypygid, Phrynus marginemaculata and (D) 

scorpion, Hoffmannius spinigerus labeled with antibodies against DC0 (magenta). 

Mushroom bodies (MB) of the centipede, millipede, amblypigid, and scorpion are highly 

DC0 immunoreactive compared to surrounding tissue. (E) pCAMKII antisera (magenta) 

applied to brain tissue of P. americana, (F) C. clypeatus, (G, left side) S. polymorpha, 

and (H, left side) vinegaroon, Mastigoproctus giganteus.  Anti-pCaMKII bound with the 

highest concentrations in MBs of the cockroach, centipede, and vinegaroon and the 

hermit crab HB. Antisera against Leonardo (Leo) resolved the MBs of P. americana (G), 
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S. polymorpha (H, right side), and M. giganteus (I, right side).  α- tubulin 

immunoreactivity (cyan) and nucleic acid stain (green) provide structural reference (all 

panels). gc = globuli cells. Scale bars = 100 µm in A and B; 200 µm in C-I. See also 

Figure S2. 

 

Figure 3. Mushroom body homologues in the Lophotrochozoa. (A) This platyhelminth, 

Notoplana sanguinea possesses a discrete brain (inset) equipped with paired mushroom bodies 

(gc, globuli cells; lo, lobe). (B-D) Sections from brain tissue of N. sanguinea showing mushroom 

body lobes and a central neuropil (cc) expressing DC0 (magenta) at a highly elevated level 

compared with surrounding brain tissue. (E) Confocal laser scans from brain tissue sections of the 

roundworm, Lineus viridis stained with antisera against DC0 (magenta) reveal enrichment of this 

protein in the cerebral organ (co) and to a lesser extent in the dorsal lobes (dl); (F) Confocal 

laser scans of the polychaete annelid, Nereis virens brain reveal intense DC0 

immunoreactivity (magenta) in the mushroom body lobes. α-tubulin immunoreactivity 

(cyan) and nucleic acid stain (green) provide structural reference. Scale bars = 1mm in A; 

100µm in A inset and B-D; 200 µm in E and F. See also Figure S3. 

 

Figure 4. Neurophylogeny of the Protostoma 

Phylogeny of the Protostoma based on neural cladistic (2011) [37]. The polyclad 

flatworm, Notoplana sanguinea serves as a proxy for the ancestral protostome mushroom 

body ground pattern (upper left).  This mushroom body is characterized by small 

basophilic globuli cells, giving rise to parallel, intrinsic fibers forming the lobe.  The 

polychaete MB (N. virens) is lobed, and comprises parallel intrinsic fibers from globuli 



324 
cells, distal efferent inputs, and efferent, afferent, and centrifugal neurons in its lobe. 

These features comprise the mushroom body ground pattern. Evolved modifications of 

this ground pattern, exemplified by Insecta, are shown to the right. In insects whose MBs 

serve a single modality, such as the case in the mayfly, Potamathus luteus.  These 

mushroom bodies receive primarily olfactory sensory afferents distally. Centrifugal 

neurons, provide feedback from parallel fibers to this distal level. Elsewhere organization 

is like that of the ancestral type (lower left).  Certain taxa, exemplified by the diving 

beetle, Thermonectus marmoratus, have secondarily evolved loss of olfactory receptor 

neurons, and a loss of relays from them to the mushroom bodies. They have retained 

parallel fibers, efferent and afferents to the lobes and centrifugal cells. Multisensory 

elaboration is exemplified by Hymenoptera, such as the wasp, Polistes flavus. Additional 

modalities supplying distal levels of the MB are served by additional parallel fibers, 

resulting in great increases in volume. In contrast, certain taxa, such as the whirligig 

beetle, Dineutus sublineatus reveal an evolved a modality switch where the MBs serve 

the integration of exclusively visual information. As indicated by the color-coding, all 

these modifications are derived from the ancestral ground pattern. Filled black circles 

against species names indicate taxa in which there has occurred an evolved loss of MBs 

or HBs, as in spiders, branchiopod crustaceans, and Archaeognathan insects. 
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Supplemental Information 

 
Figure S1, Related to Figure 1. Morphological characters of the mushroom body ground 

pattern present in the Myriapoda and Chelicerata. Golgi impregnated (A and E) and reduced 

silver stained (B) sections of the centipede mushroom body (MB) demonstrating parallel 

organization of intrinsic fibers originating from globuli cells (gc) intersecting afferent and 

efferent processes (box corners magnified in inset). Silver stains (B) resolve the parallel intrinsic 

fiber bundles from globuli cells (gc). (C) Parallel intrinsic fibers in a Golgi-impregnated 

amblypygid MB are likewise intersected by efferent dendrites and afferent terminals (box corners 

magnified in inset of C). Reduced silver (D) of the amblypygid MB reveals bundled parallel 

fibers, their globuli cells of origin (arrowhead, inset) and dendritic branches of efferent and 

afferent neurons intersecting fibers in the lobes. (E) Medial projection of the centipede mushroom 

body showing its characteristic lobes and protuberance-like outgrowths (inset). Despite these 
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elaborations, parallel arrangements of fibers can be resolved at all levels, as can orthogonal 

arrangements of processes from afferent/efferent neurons. (F,G,I) Golgi impregnated sections 

from the amblypygid brain resolve parallel organization of intrinsic cell axons, extrinsic and 

centrifugal cells (F); orthogonal organization of intrinsic fibers efferents and afferents (G); and 

axonal specializations like those found on clawed intrinsic cells in insect MBs (I). (H) Overview 

of whole solfugid MB showing, and orthogonal organization of intrinsic fibers efferents and 

afferents.  Scale bars = 50µm in A-D, and H; 100µm in E, 50µm in E, inset; 10µm in G and I; and 

25µm in H. 

 

 

Figure S2, Related to Figure 2. DC0 expression is conserved in MBs of anosmic insects and 

is specific across arthropods.  (A) Confocal laser scan of brain of the odorant discriminating fig 

beetle, Cotinis mutabilis (Scarabaeidae), the mushroom bodies of which are highly DC0 

immunoreactive (magenta, all panels). (B) The related anosmic whirligig beetle, Dineutus 
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sublineatus (Gyrinidae) lacks antennal lobes and its mushroom bodies receive input from the 

visual system (Lin and Strausfeld 2012), yet it too shows high levels of DC0. α-tubulin 

immunoreactivity (cyan) and nucleic acid stain (green) provide structural references. (C) Western 

blot assays of DC0 antibody comparing brain tissue of Periplaneta americana (cockroach), 

Coenobita clypeatus (crab), Scolopendra polymorpha (centipede), Hoffmannius spinigerus 

(scorpion), and Narceus americanus (millipede) reveal the expected molecular weight band 

around ~40kD. Scale bars = 200 µm in A and B. 
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Figure S3, Related to Figure 3. Mushroom body morphology and immunoreactivity in the 

annelids and nemerteans. (A) Golgi-impregnation of MBs in the polychaete, Nereis virens 
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reveals orthogonal arrangements of efferent (eff) and afferent (aff) neurons intersecting intrinsic 

fibers within the lobe (magnified, inset a).  Staining  also reveals a centrifugal neuron (cent) 

projecting distally towards the origin of intrinsic fibers from globuli cells (gc). (B) Bodian 

reduced silver of a nereid MB reveals parallel fibers bundled in the lobe (lo), as well as the cap of 

globuli cell bodies (gc), sharing these features with arthropod MBs (Fig. S2). The inset shows  

glomerulus-like terminals of chemosensory receptor neurons flanking the MB. (C) Golgi-

impregnated collaterals of intrinsic fibers reach out from the MB to flanking areas to contact 

terminal glomeruli (not impregnated here). (D-E) Confocal laser scans of N. virens brain reveal 

intense Leonardo immunoreactivity (magenta in D), and pCaMKII (magenta in E) in the 

mushroom bodies, as well as associated tracts of chemoreceptor axons (cirrus nerve, cn) that 

target them or associated glomeruli. Confocal laser scans from brain tissue sections of the 

roundworm, Lineus viridis stained with antisera against (F) Leonardo (magenta) and (G) 

pCaMKII (magenta), which are enriched in the dorsal lobes (dl) and to a lesser extent in the 

cerebral organs (co). α-tubulin immunoreactivity (cyan) and nucleic acid stain (green) provide 

structural reference (B-G). Scale bars = 50 µm in A-C; 200 µm in D-G. 
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Antiserum DC0 Leonardo pCaMKII 

Madibulates ✓ ✓ ✓ 

Chelicerates ✓ ✓ ✓ 

Annelids ✓ ✓ ✓ 

Polyclads ✓ ? ? 

Nemerteans ✓ ✓ ✓ 

 

Table S1, Related to Figure 2. Immunoreactivity to mushroom body markers across 

invertebrate phyla. 

Immunoreactivity of forebrain centers across invertebrate phyla.  Green arrows indicate positive  

immunoreactivity to the specified antiserum. Question marks indicate that data was insufficient to 

determine immunoreactivity. 

 

 

SUPPLEMENTAL EXPERIMENTAL PROCEDURES 

Research Animals 

 Cockroaches (P. americana) were obtained from breeding colonies in the Department of 

Neuroscience, University of Arizona. Caribbean hermit crabs (C. clypeatus) and millipedes (N. 

americanus) were purchased from Carolina Biological Supply (Burlington, North Carolina). 

Centipedes (S. polymorpha), striped tail scorpions (H. spinigerus), African amblypygids (Phrynus 

marginemaculata), and vinegaroons, (Mastigoproctis giganteus) were purchased from Hatari 

Invertebrates (Portal, Arizona). Sandworms (N. virens) were purchased from the Department of 

Industrial Cooperation, University of Maine. Fig beetles, C. mutabilis, were collected from trees 

around Tucson, Arizona and whirligig beetles, D. sublineatus, were collected at Madera Canyon, 

Green Valley, Arizona.  Polyclad worms, N. sanguinea were collected at Friday Harbor, 
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Washington. Nemertean worms, L. viridis were a generous gift from Dr. Andreas Hejnol, Sars 

International Centre for Marine Molecular Biology, Bergen, Norway. 

 

Antibodies 

 The monoclonal antiserum against alpha-tubulin (12G10) was used at a concentration of 

1:100 and was developed by Drs. J. Frankel and E.M. Nelsen.  This antiserum was obtained from 

the Developmental Studies Hybridoma Bank developed under the auspices of the NICHD and 

maintained by the University of Iowa, Department of Biology (Iowa City, IA).  The ancient and 

highly conserved nature of tubulin suggests that antisera raised against it recognize this protein 

across a broad range of Metazoa, including the taxa used in this study. 

 Anti-DC0, a generous gift from Dr. Daniel Kalderon [S1] was used at a concentration of 

1:250 for immunohistochemistry and 1:2,500 for western blot assays. This antibody recognized a 

band of the expected molecular weight at ~40 kD on a western blot comparing tissue of P. 

americana, C. clypeatus, H. spinigerus, S. polymorpha, and N. americana (Figure S2C). 

 Anti-Leonardo, a generous gift from Dr. Ronald Davis [S2] was used at a concentration of 

1:500 and anti-pCaMKII (Santa Cruz Biotechnology, #sc-12886, Dallas, TX) was used at a 

concentration of 1:100 for immunohistochemistry. 

 

Immunohistochemistry 

 Animals were immobilized by refrigeration at 4˚C and the brains were dissected free in cold 

(4˚C) fixative containing 4% paraformaldehyde in PBS, pH 7.4 (PBS tablets obtained from 

Sigma, St. Louis, MO); 10% sucrose was added to the fixative solution for C. clypeatus. Brains 

were fixed in a microwave at 18˚C for two cycles of 2 minutes with power and 2 minutes under 

vacuum. Next, the brains were left in fresh fixative overnight at 4˚C. The next day, brains were 

washed three times over 10 minutes each in PBS and then embedded in albumin gelatin. The 
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embedded tissue was cut into 60 µm serial sections using a vibratome (Leica, Nussloch, 

Germany). Sections were placed one in each well of a well plate for further processing. 

 Sections were washed in PBS containing 0.5% Triton X-100 (Electron Microscopy Supply, 

Fort Washington, PA, Cat. no. 22140; PBS-TX) six times over 20 minutes. Then 50 µL normal 

serum was added to each well containing 1,000 µL PBS-TX. After 1 hour, primary antibody or 

antiserum was added to each well and the well plate was left on a shaker overnight at room 

temperature. The next day, sections were washed six times over 3 hours in PBS-TX. Then 1,000 

µL aliquots of PBS-TX were placed in tubes with 2.5 µL of secondary Cy2, Cy3, or Cy5 

conjugated IgGs (Jackson ImmunoResearch, West Grove, PA) and centrifuged at 13,000 rpm for 

15 minutes at 4˚C. A 900-lL aliquot of this solution was added to each well. The well plate was 

left on a shaker to gently agitate the sections overnight at room temperature. Tissue sections were 

then washed in PBS six times over 3 hours, embedded on glass slides in a medium of 25% 

polyvinyl alcohol, 25% glycerol and 50% PBS, and then imaged on the confocal microscope. 

Where applicable, sections were incubated in the fluorescent nuclear stain Syto-13 (Life 

Technologies, Grand Island, NY) at a concentration of 1:4,000 prior to embedding on glass slides. 

 

Western Blots 

 Brain tissue for P. americana, C. clypeatus, H. spinigerus, S. polymorpha, N. virens and N. 

americanus was homogenized in lithium dodecyl sulfate sample buffer with a protease inhibitor 

cocktail (SIGMA, St. Louis, MO) and run under reducing conditions.  The Novex electrophoresis 

system was used for protein separation as described by Gibson and Tolbert[S3]. 

 

Golgi impregnations. Animals were cold anesthetized. Head capsules were opened in chromation 

solution (2.5% potassium dichromate containing 1.3-10% sucrose). The anterior part of the head 

containing the brain was then cut away from the body and placed in a vial of fresh fixative 
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consisting of 5 parts of chromation solution and 1 part 25% glutaraldehyde for 4 days at room 

temperature. Tissue was cleaned of muscle, fat bodies, and trachea. Subsequently, brain tissue 

was treated with alternating incubations in 2.5% potassium dichromate (99 volumes) with 1% 

osmium tetroxide (1 volume) followed by 0.75% silver nitrate, before embedding in plastic resin 

as described by Wolff et al.[S4]. 

 

Reduced silver staining. Bodian's original method [S5] was used on brains fixed in AAF (16 ml 

80% ethanol, 1 ml glacial acetic acid, 3 ml 37% formaldehyde), dehydrated, cleared in terpineol, 

and embedded in Paraplast Plus (Sherwood Medical, St. Louis, MO). Copper concentration was 

increased from the standard 0.8% to 2.4% for C. clypeatus. 

 

Imaging and Reconstruction 

 Confocal reconstructions were made with an LSM 3 Pascal confocal microscope (Zeiss, 

Oberkochen, Germany). From 10 to 30 images of 1,024 x 1,024 pixel resolution at 12-bit color 

depth were scanned by using 10X/0.3 plan Plan-Neofluar objectives. Light microscopy images 

were obtained with a Zeiss Axio Imager Z.2. Step focus series (0.5 – 1.0 µm increments) of 

stitched images were reconstructed using the software Helicon Focus (Helicon Soft, Kharkov, 

Ukraine). Selected images were digitally processed and assembled using Adobe Photoshop CS4 

(Adobe Systems, San Jose, CA). 
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