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Nervous systems across Animalia not only share a common blueprint at the
biophysical and molecular level, but even between diverse groups of ani-
mals the structure and neuronal organization of several brain regions are
strikingly conserved. Despite variation in the morphology and complexity
of eyes across malacostracan crustaceans, many studies have shown that
the organization of malacostracan optic lobes is highly conserved. Here,
we report results of divergent evolution to this ‘neural ground pattern” dis-
covered in hyperiid amphipods, a relatively small group of holopelagic
malacostracan crustaceans that possess an unusually wide diversity of com-
pound eyes. We show that the structure and organization of hyperiid optic
lobes has not only diverged from the malacostracan ground pattern, but is
also highly variable between closely related genera. Our findings demon-
strate a variety of trade-offs between sensory systems of hyperiids and
even within the visual system alone, thus providing evidence that selection
has modified individual components of the central nervous system to gener-
ate distinct combinations of visual centres in the hyperiid optic lobes. Our
results provide new insights into the patterns of brain evolution among
animals that live under extreme conditions.

1. Introduction

The vast column of water below the ocean’s surface and above the deep-sea
floor, the midwater, harbours a diverse community of poorly documented ani-
mals that display numerous adaptations to survival in this habitat like no
other [1]. In the upper reaches of the midwater (100-1000 m), limited solar
light penetration, an abundance of bioluminescence and the need to see without
being seen have pushed the evolution of visual systems to the extreme [2].
Members of the amphipod suborder Hyperiidea (Arthropoda: Crustacea: Mala-
costraca) live exclusively in the midwater and exhibit a particularly impressive
diversity of eye designs. These include reduced or absent eyes (figure 1b) [3],
reflective eye cups [4], dorsally directed eyes covering the entire head (figure 1a)
[5], eyes with dorsally and laterally directed zones (figure 1c) [5-7], replicate eye
pairs (figure 1d) [5-7], eyes with 360° fields of view [8] and eyes with numerous
retinas [9]. Despite the broad variation seen in hyperiid external visual struc-
tures, visual circuits and neural organization behind these eyes are largely
under-investigated.

In arthropods, visual information is relayed from photoreceptor cells in the
eye to the central brain through a series of visual processing neuropils in the
optic lobes. In Malacostraca (the largest class of crustaceans with approx.
40 000 extant species including shrimps, crabs, lobsters, krill, isopods and amphi-
pods), the organization of the optic lobes is typified by a distinct ground pattern
of three nested optic neuropils connected with two successive optic chiasmata

© 2021 The Author(s) Published by the Royal Society. All rights reserved.
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Figure 1. Four hyperiid amphipod eye morphologies. (a) (ystisoma magna, huge dorsally directed compound eyes with a diffuse retinal sheet. Ventral view of the
brain and the retinal sheet (left) and whole animal (right). (b) Lanceola sayana, tiny compound eyes (white arrowhead). (c) Hyperia galba, one pair, large, dome-like
compound eyes with dorsally and laterally directed regions. (d) Phronima sedentaria, two pairs compound eyes (dashed line indicates dorsal eye, dotted indicates
the lateral eye). Body lengths approximately: 8 cm C. magna (a), 1 cm L. sayana (b), 0.8 cm H. galba (c) and 1.5 cm P. sedentaria (d). (Online version in colour.)

(crossed axons) [10-12]. These optic neuropils are, from distal
to proximal (from the eyes in), the lamina, medulla and lobula.
A fourth optic neuropil, the satellite lobula plate, which is
linked through uncrossed axons from the medulla and
lobula, has also been identified in various groups of malacos-
tracans [11-13]. Three putative optic lobe neuropils have also
been identified in several stem-group arthropod fossils from
the lower and middle Cambrian [14-16], suggesting that this
ground pattern arrangement may have been evolutionarily
stable for more than 500 Myr [14-16]. It is worth noting that
the names used here for the malacostracan optic neuropils
are adopted from, but may not be homologous to, those
neuropils with the same names in insects.

The functions of malacostracan optic neuropils have been
studied with electrophysiology and optical recording in the
brachyuran crabs Neohelice granulata and Carcinus maenas. It
was shown that neurons in the lobula are essential for com-
puting object features [17], object motion [18-22] and
encoding certain flow field information [23], while those in
the lobula plate are implicated in computing wide-field
motion and processing optic flow information that mediates
optomotor responses [12,13]. Although the experimental evi-
dence came only from a few model species, those functional
attributes are generally assumed to apply across malacostra-
cans based on the overwhelming structural conservation
and anatomical similarity of those constituent neurons in
the optic lobes [12,24].

Given the broad diversity of eye morphologies within
hyperiids, how are their optic lobes organized to serve
those unique eyes? Because the central nervous system is
one of the most energetically expensive tissues, is an expan-
sion in the optic lobes accompanied by a reduction in other
sensory processing centres, such as the olfactory lobes? In
this study, we investigate the brain organization and neural
circuits that lie beneath the various hyperiid eye types.
Specifically, we address whether or not the malacostracan
optic lobe ground pattern remains conserved across hyperiids
with different eye forms, and how the various sensory adap-
tations in the eyes relate to the structure and complexity of
the brain.

2. Methods

(a) Animals

Specimens of Cystisoma magna and Lanceola sayana were collected
with the Monterey Bay Aquarium Research Institute’s remotely
operated vehicle Doc Ricketts operated from the Research Vessel
Western Flyer between December 2016 and September 2018.
Specimens of Hyperia galba and Phronima sedentaria were collected
over the same time period, from the R/V Western Flyer using a
modified midwater tucker trawl (1.5 m x 1.5 m opening, 1000-
200 pm mesh). ROV dives and trawls were completed over the
Monterey Submarine Canyon between the surface and 1500 m
depth (36° 32'N, 122° 30’ W) from 06.00 to 00.00 h. Additional
specimens of C. magna, P. sedentaria and H. galba were collected
in February 2018 (POS520) and 2019 (POS532) from the submers-
ible Jago and multinet hauls using a Hydrobios Maxi multinet
05m? in aperture, 2 mm mesh size, nine nets) aboard the
R/V Poseidon operated by GEOMAR Helmholtz-Zentrum fiir
Ozeanforschung. Specimens of Procambarus clarkii were obtained
from Carolina Biological Supply, Burlington, NC. Specimens of
Alima pacifica were collected at Lizard Island Research Station
near Australia’s Great Barrier Reef (Great Barrier Reef Marine
Park Authority Permit no. G12/35005.1, Fisheries Act no.
140763), Neogonodactylus oerstedii in the Florida Keys, USA and
Gammarus mucronatus, in Gloucester Point, VA, USA.

(b) Osmium-ethyl gallate staining

The staining was described in a previous study [25]. In brief,
heads from live animals were detached and fixed in cacodylate
fixative (2% glutaraldehyde, 1% paraformaldehyde in 0.16 M
sodium cacodylate buffer) with 10% sucrose at 4°C overnight.
After several washes in cacodylate buffer, brain tissue was
dissected and immersed in 1% osmium tetroxide in the dark
with continuous agitation for 2.5h at 4°C and an additional
1h at room temperature. After several washes in buffer, tissue
was put in a second immersion with supersaturated ethyl gallate
(approx. 1% in distilled water) in the dark with continuous
agitation for 1.5h at 4°C and an additional 30 min at room
temperature. After several washes in distilled water, tissue
was dehydrated, transferred into Durcupan plastic (Sigma,
St. Louis, MO) via propylene-oxide and polymerized at 65°C.
Blocks were serially sectioned at 12-16 pm, mounted with
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Figure 2. The brain and optic lobe organization of the near shore, non-hyperiid amphipod, Gammarus mucronatus. (a—c) The animal, its brain and eyes, and three-
dimensional reconstruction of the brain with highlighted optic and olfactory lobes. (d—f) Osmium-ethyl gallate-stained optic lobe sections in different planes show-
ing the characteristic optic lobe first and second chiasmata (white and black arrowheads, respectively), uncrossed neural connections between medulla and lobula

plate (white arrow in f), and all four optic neuropils. (Online version in colour.)

Permount (Electron Microscopy Science, Hatfield, PA) and
covered with a cover slip for light microscopy.

(<) Immunohistochemistry

Five specimens of each of the following species, the hyperiids
H. galba and P. sedentaria, the crayfish P. clarkii and the mantis
shrimp N. oerstedii, were used for comparative immunolabelling
of their optic lobes, following the procedures described previously
[26]. In brief, brains were fixed overnight in 4% paraformaldehyde
in phosphate buffer (pH 7.4) with 10% sucrose, and then washed
in phosphate-buffered saline (PBS), embedded in albumin gelatin
and sectioned at 60 pm with a vibratome. After being washed
with PBS-TX (0.5% Triton X-100 in PBS), sections were blocked
in 5% normal goat serum (Vector Laboratories, Burlingame, CA)
for 1 h and then incubated overnight in monoclonal anti-allatosta-
tin antibody (Developmental Studies Hybridoma Bank,
University of Iowa, IA) and anti-FMRFamide antibody (Immu-
nostar, Hudson, WI) on a shaker at room temperature. The
following day, sections were washed with PBS-TX and incubated
overnight in the secondary goat anti-mouse immunoglobulins
conjugated to Alexa Fluor 555 (3:1000) and goat anti-rabbit
immunoglobulins conjugated to Alexa Fluor 633 (3:1000;
Thermo Fisher Scientific, Waltham, MA). The following day, sec-
tions were washed with PBS, mounted with elvanol (25%
polyvinyl alcohol, 25% glycerol and 50% PBS) and covered with
a cover slip for confocal microscopy.

(d) Imaging and three-dimensional reconstructions

Osmium-ethyl gallate-stained preparations were serially imaged
using an Olympus BX 63 microscope with camera, imported
into Amira (6.5) and aligned in the z-plane with ‘automatic align-
ment’ module in Amira. Three-dimensional reconstructions were
made by manually tracing the outline of each neuropil at each
depth, followed by volume rendering using the ‘generate surface’
module. The size of brain, optic lobe and each optic neuropil was

obtained by the ‘material statistics’ modules. Confocal reconstruc-
tions of immunolabeled optic lobes were made with a Leica SP5
laser scanning confocal microscope (Leica Microsystems, Buffalo
Grove, IL). Images of 1024 x 1024 pixel resolution at 12-bit
colour depth were scanned using a 10x/0.4 Plan Apochromat
objective or a 20x/0.75 PL APO CS2 objective. Selected images
were digitally assembled and adjusted for brightness and contrast,
and had a high pass filter uniformly applied using Adobe
Photoshop CC 2019 (Adobe Systems, San Jose, CA).

3. Results

(a) Conserved organization in a non-hyperiid
amphipod’s optic lobes

Using histology and three-dimensional brain reconstructions,
we first identified the existence of the four optic neuropils
with their respective characteristic optic chiasmata and
uncrossed neural connections in G. mucronatus, a non-hyperiid
amphipod found in intertidal marine habitats such as
bays, estuaries and mangroves (figure 2). This amphipod is
equipped with a typical, modest pair of compound eyes
(figure 24) and a small pair of optic lobes (figure 2c) consisting
of all four expected optic neuropils (figure 2d—f), comparable
to other malacostracans studied thus far. Fundamental
visual processing pathways are, therefore, expected to be
conserved within Amphipoda as well.

(b) Highly variable eyes and optic lobe organization
among hyperiids

In stark contrast to Gammarus and other malacostracans, we
found that hyperiid amphipods exhibit extreme variability
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Figure 3. Hyperiid optic lobe arrangements and brain morphologies. Cystisoma magna, enlarged optic lobe with all four optic neuropils as seen in other malacos-
tracans. Lanceola sayana, reduced optic lobe with lamina and medulla only and enlarged olfactory lobes. Hyperia galba, enlarged optic lobe comprise lamina,
medulla and dorsal and ventral lobula plates. Phronima sedentaria, enlarged optic lobe comprise dorsal and ventral laminas, a fused medulla and dorsal
lobula plate receiving inputs solely from the dorsal half of the medulla. Scale bars, 100 um (black) and 200 ym (white). (Online version in colour.)

in brain morphology, brain-to-body size and especially in the
number of optic neuropils in their optic lobes. The early
branching hyperiid C. magna [27-29] possesses a gigantic
pair of dorsally directed eyes whose retinas consist of a thin,
mesh-like sheet of suspended rhabdoms (figure 1a). Within
an unusually large optic lobe (73% total brain volume,
figure 3), photoreceptor axons of C. magna project to an optic
lobe consisting of the same four retinotopic optic neuropils
that are also found in other malacostracans (figure 3).

The deep-living L. sayana, on the other end of the
spectrum, possesses a tiny pair of eyes (figure 1b). Photo-
receptor axons project to a minute optic lobe (6% total brain
volume) that consists of only the lamina and medulla, lacking
both the lobula and lobula plate (n=15, figure 3) that are
typical of other malacostracans. The reduction of optic neuro-
pils in the L. sayana brain is offset by the size of the L. sayana
olfactory lobe (24% total brain volume) compared to the other
hyperiids examined here, whose olfactory lobes account for
just 2% of total brain volume (figure 3).

Hyperia galba possesses a single pair of large dome-like eyes
(figure 1c). Photoreceptor axons from each retina project to a
single planar lamina. There, visual information is relayed reti-
notopically with second-order neurons, through the first
chiasma, to a single medulla. Third-order medullary neurons
then project uncrossed axons to a pair of lobula plates
that are partially connected to each other (figures 3 and 4c).
No second optic chiasma or lobula is present in H. galba (n =
18). Despite the absence of the lobula, H. galba optic lobes
still account for 62% of total brain volume (figure 3), a
number that is drastically larger than any other non-hyperiid
malacostracans [30,31].

Phronima  sedentaria possesses two pairs of eyes
(figure 1d)— a dorsally directed pair with greatly enlarged
facets attached to a specialized array of long light guides
[32], and a smaller pair of laterally directed eyes. Each of
the four eyes has a highly condensed, darkly pigmented
retina [33] (figure 1d), with photoreceptor axons connecting
to one of the four lenticular-shaped laminas (figure 3).

Axon output from the dorsal- and lateral-eye laminas project
to a single medulla on each side (figure 3). A small neuropil
lies beneath the medulla and receives uncrossed projections
from the dorsal, but not the lateral region of the medulla
(figures 3 and 4d). The lobula is absent. Thus, like H. galba,
P. sedentaria also lacks both the second optic chiasma and
the lobula (1 =24), yet the remaining optic lobes still account
for 61% of total brain volume (figure 3).

(c) Additional optic neuropil simplifications

In addition to the lost optic neuropils described above, the
medulla also appeared to be structurally simplified in hyperiids
compared to that of other malacostracans. In all four representa-
tive hyperiids we observed a lack of neuronal stratification
within optic neuropils (figures 3 and 4), an anatomical feature
typifying distinct neuronal layers for serial and parallel visual
processing [34]. To further demonstrate the lack of neuronal
stratification in hyperiid optic neuropils, we employed
immunohistochemistry with antisera against allatostatin and
FMRFamide, two neuropeptides that are highly expressed in
distinctive cell types of the optic lobes of malacostracans [35].
The representative stomatopod (N. oerstedii, a mantis shrimp)
and decapod (P. clarkii, a crayfish) showed distinct allatostatin-
and FMRFamide-like stratified immunoreactive layers in both
the medulla and lobula following the expected malacostracan
optic lobe ground pattern (figure 5a,b). However, in H. galba
and P. sedentaria, FMRFamide-like immunoreactivity dispersed
throughout the entire medulla and lobula plate without stratifi-
cations. In addition, no allatostatin immunoreactivity was
found in the optic lobes of either hyperiid (figure 5¢,d), although
positive labelling was found in their central brains in both
species. Immunolabelling data in C. magna and L. sayana were
not possible because fresh specimens were not available. How-
ever, based on histology, their medullas also appear to be
reduced in thickness and without clear neuronal stratifications
(compare figure 3 with figure 4a,b). The absence of several mor-
phological distinct allatostatinergic medulla neurons typically
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Figure 4. Osmium-ethyl gallate-stained optic lobe sections of various crustaceans at the antero-posterior plane showing the characteristic optic lobe first and second
chiasmata (white and black arrowheads, respectively) and optic neuropils, including the structurally simplified medulla found in hyperiids. (a) Alima pacifica (mantis
shrimp), (b) Procambarus clarkii (crayfish), (c) Hyperia galba (hyperiid) and (d) Phronima sedentaria (hyperiid). Black arrows indicate the uncrossed neuronal con-
nections between medulla and lobula plate. Scale bars, 50 pm. (Online version in colour.)
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Figure 5. FMRFamide-like (yellow, top row) and allatostatin-like (blue, middle row) immunoreactivity reveals distinct layers of neuronal organization in (a) a
stomatopod (mantis shrimp, Neogonodactylus oerstedii) lamina (LA), medulla (ME) and lobula (LO) and in (b) a decapod (crayfish Procambarus clarkii). However,
in (c) Hyperia galba and (d) Phronima sedentaria FMRFamide-like immunoreactivity is scattered throughout the entire medulla and lobula plate (LOP).
No allatostatin-like immunoreactivity is detected in the hyperiid optic lobes. Scale bars, 100 pm. (Online version in colour.)

found in malacostracans [35] demonstrates a further reduction
inneuronal complexity and diversity of cell types in the hyperiid
optic lobes.

Because nervous tissue is one of the most energetically expens-
ive tissues to build and maintain, neural arrangements in a

given animal group are typically highly conserved [36,37].
This is most evident when comparing the arthropod brains,
where three nested optic neuropils connected with two axonal
chiasmata typify the optic lobe organization of malacostracan
crustaceans [10-12]. Our study nevertheless demonstrates an
unusual nervous system diversification among sister taxa.
Figure 6 illustrates the unusual variation found in the hyperiid
optic lobes compared to all other malacostracan lineages. Our
examined hyperiids, with the exception of C. magna, the earliest
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Figure 6. Optic lobe organization in malacostracan crustaceans with com-
pound eyes. Hyperiid amphipods exhibit dramatic variation in the number
of optic neuropils unlike all other known malacostracans, including all pre-
viously known amphipods [10-12]. Phylogeny modified from [27,38].
(Online version in colour.)

branching hyperiid available for this study, show losses of optic
neuropils in multiple ways. Based on the finding that other
malacostracans and the basal hyperiid Cystisoma are equipped
with both lobula and lobula plate, and the second optic chiasma
(figure 3), the most parsimonious explanation would be a loss of
the lobula in H. galba, a loss of the lobula and the ventral lobula
plate in P. sedentaria and a loss of both the lobula and the lobula
plate in L. sayana (figures 3 and 4). In addition, given that neur-
ons in the lobula are used for computing object features [17],
object motion [18-22] and certain flow field information [23],
the complete absence of the lobula in H. galba, P. sedentaria
and L. sayana are significant secondary reductions of the optic
lobes (figures 3 and 4). Likewise, the loss of ventral or entire
lobula plate in P. sedentaria and L. sayana, respectively, are
additional significant secondary reductions of the optic lobes
(figures 3 and 4). Despite the loss of these optic neuropils,
H. galba and P. sedentaria have substantially enlarged optic
lobes (62% and 61% total brain volume, respectively, figure 3),
which is similar to C. magna (73% total brain volume, figure 3)
but contrasts with L. sayana (6% total brain volume, figure 3),
and G. mucronatus (representative non-hyperiid amphipod,
15% total brain volume, figure 2). These findings indicate that
in H. galba and P. sedentaria the remaining optic neuropils
(lamina, medulla) are enlarged in size to compensate for the
loss of the lobula (and partial lobula plate in P. sedentaria).
In L. sayana, on the other hand, the dramatic reduction of
optic lobes is compensated for by other sensory modalities, as
discussed below.

(a) Ecological implications

The unexpected variability in hyperiid optic lobes may be due
to the unique set of selective pressures that act on organisms
living in the midwater. The high predatory pressure, limited
illumination and a highly structured mesopelagic light
regime, absence of substrate and hence hiding places and

limited food availability, has likely driven the adaptive radi-
ation that resulted in the extreme diversity of lifestyles and
eye forms among close hyperiid relatives (electronic sup-
plementary material, table S1). Observed differences in
depth of occurrence, swimming ability, free-living or host-
associated lifestyles, body size and crypsis create different
visual needs for each hyperiid group, and these differences
may have driven the evolution of dramatically different eyes
and subsequently the visual circuits in the brains that support
those eyes. Given the large proportion of energy dedicated to
the development and maintenance of their greatly enlarged
eyes, it is not surprising to find that a similarly disproportion-
ate amount of central brain tissue is also dedicated to vision.
In addition, finding that there is a clear trade-off between the
allocation of peripheral and central nervous system tissue to
one sensory modality over another is not unexpected. What
is unexpected is the degree to which the central brain tissues
have been selectively modified within different hyperiids
to focus on specific visual needs. These modifications are
seen as the reduced complexity of the medulla in all hyperiids
examined here (figures 3-5), the loss of the lobula in L. sayana,
H. galba and P. sedentaria that may compromise their ability to
distinguish object features and object motion, and the loss of
the lobula plate in L. sayana and the ventral lobula plate in P.
sedentaria that may limit their ability to process wide-field
motion. The loss of the ability to distinguish an object’s fea-
tures and motion would seem detrimental to finding prey or
a host, nevertheless, all three species lacking the lobula in
this study are often observed free-swimming—an indication
of prey searching. Do they simply attack anything they can
catch? Given that the principal prey of H. galba and L. sayana
are gelatinous zooplankton including slow-moving jellies
and pelagic tunicates, this may not be a bad strategy. Phronima
sedentaria, on the other hand, feeds additionally on other
hyperiids and invertebrates. Behavioural work is needed to
determine how they recognize and track their prey. One possi-
bility would be the exploitation of the lobula plate, which is
peculiarly enlarged in association with the enlarged eyes of
H. galba and the dorsal eyes of P. sedentaria (figures 3 and 4).
While the abundant marine snow, other plankton and biolu-
minescent point sources in the surrounding packet of water
would provide the needed visual flow field feedback for navi-
gation, moving objects against this flow-field background can
potentially be detected using the same neural circuitry, as
shown in the wide-field motion-sensitive neurons found in
the modified lobula plates of several predatory larval insects
in support of their prey hunting [39,40].

(b) Brain evolution in the midwater

Examples of sensory modality compensation have been
observed in animals living in light-limited environments,
such as in the deep sea or caves. For example, the loss of
eyes in many cave-dwelling animals is compensated by
enlarged tactile and/or olfactory organs. In the brain, likewise,
the eyeless amphipod Niphargus puteanus and other blind per-
acarids from cave habitats show reduced optic lobes, with
complete losses of lamina and medulla, but extensively elabo-
rated olfactory and mechanosensory neuropils [41,42]. The
hyperiid brains examined in this study show a similar com-
pensatory pattern between optic and olfactory lobes. While
the huge eyes and enlarged optic lobes in C. magna, H. galba
and P. sedentaria are accompanied by much smaller olfactory
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lobes, the reduction of optic neuropils in L. sayana is offset by
the enlargement of their olfactory lobes (figure 3). These
results provide the first support for sensory modality compen-
sation in deep-sea hyperiids.

In addition to the sensory system trade-offs between
vision and olfaction, our findings indicate a variety of
trade-offs even within the hyperiid visual system. While
their eyes and optic lobes are greatly enlarged, they have
eliminated selected visual processing centres (lobula and
lobula plate) and reduced neuronal complexity in the remain-
ing visual centres (figures 3-6). Two prominent hypotheses
have been proposed to explain the variation in brain struc-
tures seen among mammalian lineages. The ‘concerted
brain evolution’ hypothesis states that the brain evolves as
a single unit and correlated changes between major brain
regions exist due to developmental constraints, suggesting
that natural selection cannot act independently on individual
brain regions [43]. Our observation of the changes to the size
and complexity of the hyperiid visual systems directly contra-
dict the ‘concerted brain evolution” hypothesis. Alternatively,
our findings support the ‘mosaic brain evolution” hypothesis,
which postulates that different brain regions can evolve inde-
pendently of each other [44]. In hyperiids, we see that strong
selective pressure has individually increased eye and selected
optic neuropil sizes but decreased neuronal complexity
within neuropils and eliminated other optic neuropils.

These changes should yield increased sensitivity, higher con-

trast and, in H. galba, better wide-field motion vision, but
reduced object recognition. Our findings thus provide new
insights into the patterns of brain evolution and sensory
adaptation among animals that live in extreme habitats
such as the largest living space on the planet, the deep pelagic
realm or the midwater.

All data are included in the manuscript.
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