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1 | INTRODUCTION

Bellonci's studies of the stomatopod crustacean Squilla mantis identi-
fied a center in the brain that he claimed as identical to the insect
mushroom body, referring to criteria already determined by
Dietl (1876) and Berger (1878) for identifying such centers in insects.
Bellonci also discovered a second prominent neuropil that was unam-
biguously distinct from the first. His description, translated from the
Italian original, is clear: “Another body formed of dense and very fine
reticulated substance .... is somewhat smaller than the hemiellipsoidal
body (Bellonci's name for the mushroom body calyx) and has the
shape of a kidney; therefore, | call it the reniform body.” He could find
no evidence of connections between the two centers. His view was
that the mushroom body and reniform body are morphological
distinct.

It is now recognized that a unique arrangement of 13 traits
defines the mushroom body of a stomatopod as explicitly as one in an
insect (Wolff et al., 2017). This “canonical” mushroom body has
become the morphological yardstick for assessing putative phenotypic
homologs that occur across Eumalacostraca (Strausfeld et al., 2020).
Confidence in this yardstick makes it possible to recognize even
radical departures from the ground pattern and to detect possible
misidentifications (Strausfeld & Sayre, 2021). A recent example of

In one species of shore crab (Brachyura, Varunidae), a center that supports long-term
visual habituation and that matches the reniform body's morphology has been
claimed as a homolog of the insect mushroom body despite lacking traits that define
it as such. The discovery in a related species of shore crab of a mushroom body
possessing those defining traits renders that interpretation unsound. Two phenotypi-
cally distinct, coexisting centers cannot both be homologs of the insect mushroom
body. The present commentary outlines the history of research leading to mis-
identification of the reniform body as a mushroom body. One conclusion is that if
both centers support learning and memory, this would be viewed as a novel and fas-

cinating attribute of the pancrustacean brain.

divergence, homology, misidentification, mushroom body, phenotype, reniform body

misidentification is exemplified by two papers claiming that in a spe-
cies of Brachyura (crabs) the reniform body, as recognized in
Stomatopoda, is homologous to the insect mushroom body (see, Maza
et al., 2020; Maza, Sztarker, et al., 2016).

2 | THE RENIFORM BODY DOES NOT
CORRESPOND TO THE CANONICAL
MUSHROOM BODY

Reniform bodies and mushroom bodies are each defined by their own
distinctive set of morphological traits (Table 1), those of reniform bod-
ies identified from observations of Stomatopoda and the crab
Hemigrapsus nudus (Thoen et al., 2020). Some of those traits are
indeed recognized by Maza et al. (2020) but interpreted as belonging
to an insect-like mushroom body. Invariant features of the reniform
body morphology that might be mistaken for mushroom body traits
include a dense group of quite small perikarya, numbering in the hun-
dreds, situated on the dorsal surface of the lateral protocerebrum.
These provide smooth axons collected as a tight bundle, called the
pedestal, extending toward the lateral protocerebrum's ventral surface
(Thoen et al., 2020). At about midway, the pedestal branches to pro-
vide an approximately parallel collateral bundle, from which arise two
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TABLE 1  Traits pertaining to mushroom bodies and reniform bodies
Identity:
Trait Mushroom body Identity: Reinform body
1 Brain's smallest neuronal perikarya clustered dorsally or laterally at the rostral Globuli cells
surface of the lateral protocerebrum
2 Dense distal synaptic neuropil providing columnar extension(s) (#8) Calyx
3 Small neuronal perikarya clustered anteriorly, adjacent to lobula Reinform cell body
cluster
4 Tightly grouped axons lacking synaptic specialization originating from perikaryal Pedestal
cluster (#3) extending across the lateral protocerebrum
5 Parallel grouped axon bundle from the perikaryal cluster (#3) Collateral tributary
6 Voluminous branching arbors parsed into four to five discrete territories Zones (iz, Iz, dz, pz, mz)
7 Axons smooth, lacking specializations indicative of synaptic sites Pedestal
8 Approximately parallel, sometimes net-like ensembles of axon-like processes Columns
9 Ensembles (#8) morphologically distinct Columns
10  Spinous and varicose specializations in ensembles (#8) indicative of preynaptic and Columns

postsynaptic sites

11  Approximately orthogonally arranged networks

12  Synaptic territories defined by basket, spinous, or claw-like specializations

13  Territories denoted by diffuse anti-TH, anti-5HT, or anti-GAD immunoreactive

processes
14  Elevated expression of anti-DCO immunoreactivity
15  Parallel ensembles of processes (8) can provide terminal tubercles
16  Distal neuropil comprises discrete dendritic domains and strata

17  Distal neuropil comprises uniform arborizations

18  Anti-GAD immunoreactive recurrent pathways and/or local systems

19  Anti-TH, anti-5HT and anti-GAD immunoreactive arborizations intersect and

partition columnar ensembles

20  Anti-TH, anti-5HT, and anti-GAD immunoreactive efferent and afferent fields define

local domains

Columns and calyces
Calyces Zones (iz, 1z, mz, dz, pz)

Zones (Iz, mz, dz, pz)

All components All components
Columns
Calyces

Intial zone
Calyces

Columns

Calyces

Note: Two traits (12, 14) are shared by both centers. Seven traits pertain to reniform bodies, previously described in the study by Wolff et al. (2017),
Strausfeld et al. (2020), and Thoen et al. (2020). Thirteen traits pertaining to the canonical mushroom body, originally identified in the mushroom bodies of
Stomatopoda, Drosophila and Periplaneta, are described and illustrated in the study by Wolff et al. (2017); see: https://elifesciences.org/articles/29889/

figures#figls1).

to three dense systems of profusely branching processes that
extend proximally. These define the reniform body's proximal and
medial domains of dense arborizations (Figure 1). The pedestal gives
rise to two more domains extending toward the optic lobe, the distal
and lateral zones (Figure 1). A field of processes (called the initial
zone; Wolff et al., 2017) extends bilaterally from the pedestal imme-
diately beneath its origin from its cluster of perikarya (Figure 1; see
also figure 2 in the study by Thoen et al., 2020). As demonstrated in
the stomatopod Neogonodactylus oerstedii, the reniform body's
domains are distinguished by their signature immunoreactivities to
antibodies raised against serotonin and glutamate decarboxylase
(GAD; Wolff et al., 2017). The domains also differ with regard to
their afferent supply and the morphologies of their dendritic baskets
and glomeruli, which are much larger than those of a mushroom
body's calyces (see figure 5 in the study by Thoen et al., 2020). Bely-
ing Bellonci's opinion, dye application to the reniform body demon-

strates interneurons connecting it to the mushroom body calyces

and to its column (figures 4 and 8 in the study by Thoen
et al., 2020).

Among features unambiguously differentiating the reniform body
and mushroom body is the fibrous composition of their elongated
extensions, the pedestal and the column, respectively. The reniform
body's pedestal is an axonal tract: its fibers are strictly parallel, densely
packed, and devoid of any specializations that would indicate synaptic
sites. This contrasts with the mushroom body's columns, which com-
prise systems of processes belonging to intrinsic neurons. The many
calycal dendrites of intrinsic neurons provide processes that are only
approximately parallel but are richly equipped with specializations
indicative of presynaptic and postsynaptic sites. Antibodies against
serotonin (5HT) and tyrosine hydroxylase (TH) demonstrate that
arborizations that are immunoreactive to these antisera intersect the
processes of intrinsic neurons and partition the mushroom body col-
umn into discrete domains (Wolff et al., 2017). Antibodies against
5HT and TH reveal no arborizations in the reniform body pedestal,
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FIGURE 1

Reniform bodies show little neuroanatomical divergence. (a) The reniform body of the stomatopod Gonodactylus chiragra

comprises five domains, called the initial (iz), lateral (Iz), distal (dz), proximal (pz), and medial (mz) zones, all extending from a columnar pedestal
(pds). (b) The reniform body of the banded coral shrimp Stenopus hispidus, showing the same organization. The pedestal is here resolved with its
parallel collateral (col). (c, d) Even in the highly modified brains of Alpheidae, which have reduced optic lobes, the elongated reniform bodies of the
visored shrimp Betaeus harrimani (c) and the pistol shrimp Alpheus bellulus (d) show homologous arrangements of parts. (Scale bars: (a) 100 pm; (b-
d) 50 pm; (panel a, from the study by Thoen et al., 2020; panels c, d, from the study by Strausfeld et al., 2020)

but they do demonstrate immunoreactive processes outside the ped-
estal (Figure 2(e-g)). However, irrespective of these differences
(Table 1), mushroom bodies and reniform bodies do share two traits
(Strausfeld et al., 2020; Thoen et al., 2020). One refers to synaptic
specializations, albeit in dissimilar components (mushroom body caly-
ces, reniform body zones). The other is their strong immunoreactivity
to antibodies raised against DCO, the catalytic subunit of protein
kinase A, encoded by the Drosophila gene DCO (Kalderon &
Rubin, 1988). DCO is required for learning and memory in Drosophila
(Skoulakis et al., 1993), hence its utility in resolving putative centers
that support learning and memory (Farris, 2005; Wolff &
Strausfeld, 2015). In addition to revealing mushroom bodies, anti-DCO
selectively labels the ellipsoid body, a center situated at the
protocerebrum's midline (Thoen et al., 2017; Wolff et al., 2012). In
Drosophila, the ellipsoid body is required for visual working memory
(Kuntz et al., 2012).

3 | RENIFORM BODIES ARE HIGHLY
CONSERVED, MUSHROOM BODIES DIVERGE

Whereas mushroom bodies of Stomatopoda and ‘“shrimps”

(Stenopodidea and Caridea) show lineage-specific phenotypic

divergences (Sayre & Strausfeld, 2019; Strausfeld et al., 2020),
their reniform bodies are denoted by their evolutionarily stable
morphology. Problems of identity are, however, presented by Rep-
tantia, a natural group that is united by a novel component of the
olfactory system called the accessory lobe (Sandeman et al., 1993;
Wolfe et al., 2019). Reptantians, except Brachyura, have greatly
reduced reniform bodies or appear to have lost them entirely.
Mushroom bodies in Achelata (spiny lobsters), Axiidea (mud
shrimps), and Astacidea (crayfish, true lobsters) have undergone
radical modification: the reduction and integration of the column
into large bipartite calyces (Sayre & Strausfeld, 2019). In Anomura
(hermit crabs and squat lobsters), mushroom bodies are multi-
stratified dome-like neuropils, wusually lacking
(Strausfeld & Sayre, 2020; Wolff et al., 2012). Nevertheless, the

same traits as those defining the canonical columnar mushroom

columns

body also define those highly divergent neuropils (Strausfeld
et al., 2020). Until recently, no mushroom body had been identified
by those traits in Brachyura, whereas Varunidae (shore crabs) have
been demonstrated to possess prominent reniform bodies
(Strausfeld et al., 2020; Thoen et al., 2020; Wolff et al., 2017), as
do Ocypodidae (fiddler crabs), both compared here in Figure 2(c,d).
Their morphology and location conform to reniform bodies identi-

fied in Stomatopoda, Stenopodidea, and Caridea (Figures 1 and 2;

A ‘T “120T 19869601

:sdny woy papeoy

puOD) puE Swid I, 34y 39S “[$Z0T/Z0/12] U0 A1eiqy QWU AS[IA ‘AIeIqrT BUOZHY JO ANSIOAUN AQ TSTSZAU/ZO01 0110 W00 Adim:

ssdny)

10)/w09° K[ 1M A

pi

AsULdI suowo)) danear) ajqesrjdde ayy Aq pauroroS are sa[one YO fasn Jo sa[ni 10y A1eiqry autjuQ L3[ip\ U0 (suonipi



COMMENTARY

s268 | \A/
I l EY SISTENS REDROSCIENCE

FIGURE 2 Conserved neural morphologies of reniform bodies contrast with mushroom body divergences. (a, b) Lateral view of the lateral
protocerebrum of the thorid shrimp Lebbeus groenlandicus (P indicates proximal, toward midbrain; D indicates distal, toward compound eye). Its
two contiguous calyces (Cal, Ca2) both provide columns (only that of Cal shown, Clm). The reniform body (RB) extends across the distal part of
the lateral protocerebrum. False colors (panel b) emphasize its division into four zones (iz initial zone, Iz lateral zone, dz dorsal zone, pz proximal
zone), each extending from the pedestal (pds), which is supplied by anti-DCO immunoreactive perikarya lying immediately above the initial zone
(arrowed in panel b). (c, d) The reniform body, enhanced by false coloration, in two Brachyura species, the shore crab Hemigrapsus nudus (c) and
the fiddler crab Uca minax (d), lies immediately distal to the mushroom body and its gyri (shown in magenta). Both are viewed looking downward
through the rostral surface of the lateral protocerebrum. (e-g) Unlike mushroom bodies, where the arborizations of anti-TH and anti-5HT
immunoreactive neurons define discrete fields intersecting its columns, in reniform bodies immunoreactive neurons branch outside the pedestal
in specific zones, here shown in the lateral zone in Uca minax. Anti-5HT immunoreactivity is orange, anti-tyrosine hydroxylase

(TH) immunoreactivity is cyan. The merged images (g) demonstrate the preponderance of 5HT, compared with TH, associated with the RB. Lo,
lobula; Me, medulla; gy, gyri; col, collateral. Scale bars: (a, b), 200 pm; (c, d), 100 um; (e-g), 50 pm

also Strausfeld et al., 2020; Thoen et al., 2020). However, an ear- interpretation of the brachyuran reniform body as a mushroom
lier body of research on learned visual behaviors by the shore crab body (Maza, Sztarker, et al., 2016). The following provides a very
Chasmagnathus granulatus (now Neohelice granulata) has led to the brief digest of research leading to this misidentification.
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4 | VISUAL HABITUATION, THE
RENIFORM BODY, AND ITS
MISINTERPETATION AS A
MUSHROOM BODY

Research initiated in 1988 by Héctor Maldonado at the Universidad
de Buenos Aires (see Lozada et al., 1990; Maldonado, 2002) on the
effects of opioids on learning by the shore crab (Brunner &
Maldonado, 1988; Tomsic et al., 1993) progressed to identifying neu-
ral correlates of long-term habituation evoked by repetitive visual
stimuli (see Hemmi & Tomsic, 2012; Tomsic & Romano, 2013). An
important advance was the identification of not only visual neurons
associated with escape response plasticity (Medan et al., 2007;
Sztarker and Tomsic, 2008) but also ensembles of candidate neurons
that suggested which pathways likely mediate habituation (Berén de
Astrada et al., 2013). Subsequent optical recordings detecting such
activity (Maza, Locatelli, & Delorenzi, 2016) demonstrated it to be
associated with a group of well-defined neuropils. Thus, as shown in
insects (Ayse et al., 2019), visual associative learning and memory are
not restricted to just mushroom bodies but involve dynamic modifica-
tion of the optic lobes and other associated centers. Nevertheless,
despite being neuroanatomically distinct from mushroom bodies, neu-
ropils in the crab supporting long-term visual habituation, a form of
learning, were claimed to correspond to the vertical and medial lobes
of insect mushroom bodies (Maza, Sztarker, et al., 2016). However, it
is precisely that neuropil described by Maza, Sztarker, et al. (2016)
that corresponds not to a mushroom body but to the distinctive mor-
phology of the reniform body, as described from the stomatopod
Neogonodactylus oerstedii and the brachyuran Hemigrapsus nudus
(Thoen et al., 2020). A further complication is that a redescription of
the center (Maza et al., 2020) declares it homologous with the deca-
pod “hemiellipsoid body,” a nomenclature, introduced by
Bellonci (1882) to exclusively denote the mushroom body calyces.
The term has consistently been misunderstood for well over a century
(Strausfeld, 2020), and at most might once have suited mushroom
bodies lacking columns, as in Achelata, Astacidea, and Axiidea
(Strausfeld et al., 2020; Strausfeld & Sayre, 2020).

5 | EXPRESSIO UNIUS, EXCLUSIO
ALTERIUS

It is understandable that a neuropil comprising a pedunculus-like col-
umn and providing discrete volumes of processes could pass muster
as a mushroom body homolog in the absence of any other candidate
in the crab. Indeed, this likely contributed to the reniform body origi-
nally being accorded a mushroom body identity in 2016 (Maza,
Sztarker, et al., 2016), before the first modern description of the reni-
form body (Wolff et al., 2017). However, that misinterpretation has
persisted (Maza et al., 2020), even though anti-DCO immunostaining
of the crab's lateral protocerebrum suggested that areas of its neuro-
pil, to which the reniform body is adjacent, represent a modified
mushroom body (Strausfeld et al., 2020; Thoen et al., 2020).
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FIGURE 3 Morphological distinctions of the stomatopod and
varunid mushroom bodies contrast with conserved arrangements of
their reniform bodies. (a) As illustrated by Stomatopoda, the calyces
(Ca) of pancrustacean mushroom bodies surmount the rostral surface
of the lateral protocerebrum, with their columns (Clm) extending
caudally into it. Globuli cells (gc), which supply the columns, lie above
or medial to the calyces. Outputs from the columns extend to the
midbrain (not shown), others supply destinations in the rostral volume
of the lateral protocerebrum (RLPR). (b) In the shore crab Hemigrapsus
nudus (and the fiddler crab Uca minax), the mushroom body is
inverted, and its calyces (Ca) are buried within the rostral part of the
lateral protocerebrum. The mushroom body's columns reach outwards
to a system of gyri (Gy) covering the rostral surface. The calyces are
supplied by globuli cells situated immediately proximal to the lobula
(Lo). Notably, the disposition and components of the reniform bodies
(RB) and their clusters of cell bodies (RBcb) are the same in both taxa,
attesting to the morphological constancy of this center (see also
Strausfeld & Sayre, 2021). P (in arrow), proximal, toward the midbrain;
La, lamina; M, medulla; Lo, lobula

A recent study has verified that those areas of immunoreactive
neuropil indeed belong to a substantial mushroom body (Strausfeld &
Sayre, 2021). However, in the shore crab Hemigrapsus nudus, the
mushroom body calyces are not disposed at the rostral surface of the
lateral protocerebrum, as they are in other eumalacostracans. Instead,
the entire mushroom body is cryptic; its calyces are buried deep
within the lateral protocerebrum's rostral volume. Instead of columns
extending caudally into the underlying neuropils, as shown schemati-
cally in Figure 3(a), mushroom body columns in H. nudus extend ros-
trally to a system of gyri at the protocerebrum's surface (Figure 3(b)).
It is those strongly anti-DCO-immunoreactive gyri that obscure the
immunoreactive calyces and columns (Strausfeld & Sayre, 2021).

Traits defining the canonical mushroom body (Table 1) are consis-
tent with those comprising the inverted varunid mushroom body

(Strausfeld & Sayre, 2021). But they do not apply to the reniform body
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(Table 1). In the crab, as in Stomatopoda, Stenopodidea, and Caridea,
the mushroom body and the reniform body occur together but are
separate and distinct. The reniform body is always disposed between
the mushroom body and the optic lobe (Figures 2(b) and 3(a,b)), which
is the arrangement originally described by Bellonci (1882).

Studies of the crayfish mushroom body define it as a multisensory
integrator (Mellon, 2000). Context-dependent visual habituation by
the reniform body (Maza, Sztarker, et al., 2016) thus identifies a sec-
ond specialized neuropil in eumalacostracans serving multisensory
convergence and, in addition, habituation. If confirmed that both cen-
ters support long-term memory, this would be a major finding. That
the reniform body provides direct connections to the mushroom body
(Thoen et al., 2020) allows speculation that mushroom body sensory
association circuits, or outputs from them, may be subject to modula-
tion by afferents from the reniform body encoding states of visual
awareness.

The identification of a mushroom body in the crab returns us to
Patterson's (1988) dictum that claiming as homologous two phenotyp-
ically distinct structures in the same organism fails the homology
criteria of similarity, congruence, and conjunction. Thus, the reniform
body, which lacks most of the traits that define a mushroom body,
cannot be given the identity of a mushroom when it accompanies a
center comprising the full complement of traits that do define a mush-
room body. This dismisses the claims of Maza, Sztarker, et al. (2016)
and Maza et al. (2020). Rather, the coexistence of the mushroom body
and reniform body aligns organization in the varunid brain with the

brains of those taxa that also possess both centers.
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