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ABSTRACT: Cephalopods are nontraditional but captivating
models of invertebrate neurobiology, particularly in evolu-
tionary comparisons. Cephalopod olfactory systems have
striking similarities and fundamental differences with verte-
brates, arthropods, and gastropods, raising questions about the
ancestral origins of those systems. We describe here the
organization and development of the olfactory system of the
common cuttlefish, Sepia of f icinalis, using immunohistochem-
istry and in situ hybridization. FMRFamide and/or related
peptides and histamine are putative neurotransmitters in
olfactory sensory neurons. Other neurotransmitters, including
serotonin and APGWamide within the olfactory and other
brain lobes, suggest efferent control of olfactory input and/or
roles in the processing of olfactory information. The distributions of neurotransmitters, along with staining patterns of phalloidin,
anti-acetylated α-tubulin, and a synaptotagmin riboprobe, help to clarify the structure of the olfactory lobe. We discuss a key
difference, the lack of identifiable olfactory glomeruli, in cuttlefish in comparison to other models, and suggest its implications for
the evolution of olfaction.
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■ INTRODUCTION

While not generally considered traditional models in neuro-
science, cephalopods have nonetheless long been subjects of
intense curiosity in both the scientific and lay communities.1 As
members of the phylum Mollusca, their lineage split early from
those of the more widely studied vertebrates and arthropods;
yet, cephalopods exhibit similar degrees of intelligence,
mobility, and environmental adaptation though framed in a
fundamentally different morphology. This unique evolutionary
history and unusual combination of traits has inspired studies of
cephalopod anatomy and physiology for over a hundred years.2

During his work in the 1930s, Young described many
characteristics of cephalopods, such as giant axons, which
later provided a foundation for Hodgkin and Huxley’s Nobel
Prize on the ionic basis of action potentials.3,4 Other renowned
pioneers of modern cephalopod neuroscience include Mes-
senger, who mapped the central nervous systems of several
species, and Wells, who explored behavioral aspects of
cephalopod neuroscience.5,6

Comparing the nervous systems of various lineages
throughout the animal kingdom is useful for understanding
the evolutionary history of these systems. For example,
cephalopods rely heavily upon vision for prey detection,
predator avoidance, and social interactions. Previous compar-
isons of their visual systems with those of other animals have
provided powerful insights into the evolution of eyes and how

the brains of these animals are organized to mediate their
remarkable intelligence.7−9 It can therefore be expected that
comparisons of other sensory systems might prove to be
equally fruitful. However, as Eisthen10 suggests, it can be
difficult to distinguish the point of diversion between similar
model systems in evolutionary history. Two possibilities are (1)
that any similarity across multiple models may reflect a
common basic biological solution that is favored and efficient
and therefore occurs repeatedly throughout evolution (con-
vergence) or, alternatively, (2) that certain systems arose once
in an early ancestor and were passed down through evolution
(homology).
The mechanisms underlying the olfactory systems among

different model species appear to follow common patterns
despite the apparent diversity of external olfactory organs (Olf
Os; e.g., the antennae of insects or nostrils of vertebrates).
Odorant molecules bind to olfactory receptors (either G
protein-coupled receptors11 or ligand gated ion channels12)
generally found on ciliated olfactory sensory neurons (OSNs).
Located in a specialized olfactory epithelium (Olf E) within the
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Olf O, these OSNs generate action potentials that travel into an
olfactory center of the brain (olfactory bulb in mammals13 or
antennal lobe in insects).14,10 In some animal groups, olfactory
glomeruli, composed of tightly clustered OSN axonal terminals
and dendrites, are located at the junction of the afferent fibers
and the higher brain centers. Since each glomerulus only
receives sensory inputs from OSNs expressing the same
receptor protein, this structure has been suggested to be an
optimal solution to discriminate odors and enhance signal
detection.11,10,15 Olfactory glomeruli have been studied
extensively in Vertebrata (particularly mammals, fish, and
amphibians) and Arthropoda (including insects, crustaceans,
and onychophorans).10,15 Even some annelid species have been
described as having mushroom bodies with clustered, spheroid
neuropil akin to olfactory glomeruli.16 However, the presence
of olfactory glomeruli in Lophotochozoa remains uncertain. To
determine whether the presence of glomeruli is a homologous
feature shared among most animal groups or an optimal
solution that evolved convergently at least twice, the presence
of olfactory glomeruli in molluscs needs to be ascertained.
Because of their well-developed sense of smell and highly

cephalized nervous systems, molluscs are more comparable to
other species than their simpler vermiform cousins. Inves-
tigations of the olfactory systems of molluscs to date have
mostly been conducted in gastropods, which are able to use
chemical cues to find and discriminate between foods.17,18

Numerous studies have also described possible glomeruli in the
olfactory pathways of these animals.19−26,18 However, several
characteristics of these structures suggest that molluscan
glomeruli differ fundamentally from those of vertebrates and
arthropods19 and raise questions regarding assumptions of
homology. For example, while glomeruli in vertebrates, insects,
and crustaceans are found in their respective olfactory centers
within the central nervous system, gastropod glomeruli have
been reported in the periphery directly beneath the Olf E in
snails and slugs.19,21−23,25,18 Additionally, there seems to be far
fewer glomeruli in gastropods; only 20 olfactory glomeruli were
reported in a land snail in comparison to 125 found in a species
of cockroach or almost 2000 found in a rabbit.19 Gastropod
glomeruli also seem to be more irregularly shaped in
comparison to the more spherical morphology found in other
clades. Finally, the snail glomeruli only receive a small portion

Figure 1. Developmental stages and olfactory system in Sepia of f icinalis. (A) Mid- to late-embryonic development. Stage 25 is identifiable based on
the light orange eyes and T-shape formed by the head and mantle. At stage 27, the eyes are red/brown, the head has begun to round, and the
cuttlebone is visible with two rings of calcium deposits. The first chromatophores are visible around stage 28. During this time, the eyes are a dark
brown/black color, the head and mantle have taken on their final shape, and the cuttlebone has three rings. Through stage 29, chromatophores
continue to multiply and are more pronounced, eyes begin to have iridescence, arms elongate, and the cuttlebone develops four rings. Approximately
one week after hatching, the skin is no longer transparent and the overall morphology resembles a small adult. (B) A diagrammatic representation of
the cuttlefish embryo shows the location of the central nervous system and olfactory system (red). (C) In a dorsal view of a stage 29 embryo, the
posterior end is at the tip of the mantle and the anterior end is at the tip of the arms. (D) The same embryo is seen from a ventral view; water flows
into the mantle above the olfactory organ, which is located posterior and ventral to the eye (rectangle). Water is then ejected out the funnel. (D′)
Magnified view illustrates the olfactory organ (circled) posterior to the eye and anterior to the mantle on the ventral side of the head. (E) In situ
hybridization with Sof-Elav1 riboprobe demonstrates expression in the lateral lines and the olfactory organ (arrowhead) from a lateral perspective
facing the right eye. (F) Sof-Syt riboprobe in whole-mount shows a tight cluster of cell bodies in the olfactory organ and the absence of nearby cell
bodies in the head epithelium. (G) Section of the olfactory organ (bracket) from a stage 26 embryo with in situ hybridization staining using a Sof-Syt
riboprobe revealed labeled cells that extend from the neuropil to the subepithelium. m, mantle; Olf O, olfactory organ; Sof-Elav1, Sepia of f icinalis-
Elav1; Sof-Syt, Sepia of f icinalis-synaptotagmin. Scale bars: A, C, D, E = 1 mm; D′, F = 500 μm; G = 100 μm.
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of olfactory afferent projections, while the rest bypass the
glomeruli. This limited input into the glomerulus is another
deviation from both vertebrates, which route almost all their
neurites through glomeruli,27 and arthropods, which route most
of their inputs through glomerular neurites. With all the
ambiguity surrounding gastropods, comparisons with another
class might clarify the presence of olfactory glomeruli in
molluscs. With their high degree of cephalization and large
brains, cephalopods can elucidate our understanding.
Cephalopods appear to use olfaction to identify and target

prey as they have been observed to move toward stimulatory
chemicals (e.g., amino acids) and “fish juice.”5,30 In addition,
cephlopods have demonstrated an aversion to chemicals
including tetraethylammonium, tetrodotoxin, squid ink, and
the odors of predators.28−31 Olfaction has even been suggested
to play a role in social communication.31 The Olf Os of
cephalopods are diverse: nautiluses have protruding rhino-
phores,32,33 while coleoid cephalopods (squid, octopus, and
cuttlefish) have internalized pits.34 The ciliated sensory neurons
in the Olf Os of coleoids project their axons via an olfactory
nerve to a distinct olfactory lobe that sits along the optic tract.35

While the olfactory lobes of Nautilus36 and Octopus37 have been
previously described using classical silver staining techniques,
there has never been mention of structures remotely
resembling a glomerulus. However, these cephalopod studies
were conducted before glomerular structures were defined
according to modern criteria (see below). Therefore, it is
possible that such structures might have been overlooked or
unidentified in the past. In addition to these past descriptions of
Nautilus and Octopus, Messenger also described the structure of
the olfactory lobe in squid Loligo6 but admitted that “cells in the
olfactory lobe are rarely impregnated after staining by the Golgi
method, so little is known of their form... the axons are not
well-defined” (p. 298). This admission demonstrates the need
for the use of updated methods to describe the neuro-
transmitters present in the olfactory system of cephalopods.
While there have also been more recent studies on the olfactory
system in Octopus, no glomeruli have been identified.38−40

In this study, we focus on the structure of the olfactory
system of the cuttlefish Sepia of f icinalis at late embryonic and
hatchling stages of development. To mark differentiated
neurons, we used riboprobes for the synaptotagmin (Sof-
Syt41) and Elav1 (Sof-Elav142,43) genes. To follow axons in the
olfactory nerve and throughout the olfactory system, we used
DiI44−46 along with antibodies against acetylated α-tubulin
(prevalent in axons35,47−49,42). To observe growing neurites, we
used phalloidin to stain filamentous (F)-actin.50,51,48 We also
examined the distributions of a variety of neurotransmitters and
neuropeptides (references provided below) that have been
either identified or implicated in putative olfactory centers in
molluscs, including cephalopods: FMRFamide (FMRFa; Phe-
Met-Arg-Phe-NH2) and related peptides (FaRPs), serotonin
(5-HT), APGWamide (APGWa; Ala-Pro-Gly-Trp-NH2), hista-
mine (HA), and nitric oxide synthase (NOS). These techniques
were used to improve upon past descriptions, clarify current
controversies, and supply new evidence to answer questions
regarding the evolution of glomeruli using a novel model
system in cuttlefish embryos.

■ RESULTS AND DISCUSSION
Development and Morphology of the Olfactory

Organ. As direct developers, cuttlefish progress from a thin
layer of embryonic cells atop a yolk into their adult morphology

without a larval stage (Figure 1A). The Olf Os of embryonic S.
of f icinalis consist of clusters of sensory cells located posterior-
ventrally to the eyes on each side of the head (Figure 1B−D′).
Stages 14−20 are considered the placode stages, in which the
ectoderm organs (including the Olf O) develop.52 The OSNs
have been observed to differentiate around stage 1642 and can
be revealed by the labeling of Sof-Elav1, an early genetic marker
of neurons, using in situ hybridization (ISH) (Figure 1E,
arrowhead). ISH also revealed expression of the Sof-Syt gene41

that codes for synaptotagmin, a synaptic protein in mature
synapses beneath the surface of the Olf E (Figure 1F, G).
The Olf O, including its underlying neuropil, and the

olfactory nerve were identifiable by anti-acetylated alpha (α)-
tubulin (AcTub) immunohistochemistry (IHC) when exam-
ined at stage 25 (Figure 2A). At this time, numerous, brightly
stained, and generally spheroidal structures with a mean
diameter of 6 ± 2 μm (n= 19 specimens) were also apparent
immediately beneath the surface of the Olf E (Figure 2A). The
Olf O at stage 25 averaged 335 ± 36 μm in diameter (n = 8).
At stage 29 of development, the diameter of the Olf O

increased to an average of 429 ± 116 μm (n = 15). By this time,
the tubulin-rich, small spheroidal structures just beneath the
surface of the Olf E had become more numerous and clearly
differentiated the Olf O from the surrounding body wall, which
was covered by larger tufts of long cilia (Figure 2B, C,
arrowheads; also see ref 42).
Closer inspection of the Olf O at stage 30 revealed a complex

Olf E with what appeared to be numerous cell types labeled by
anti-AcTub (Figure 2D). Deep within the Olf E lay cell bodies
with variously shaped projections extending toward the surface.
Some of these projections appeared to have swellings at their
apical ends (asterisks), while others tapered into fine tips
(arrows). Just beneath the surface of the Olf E were smaller
spheroidal structures (Figure 2D). A carpet of free cilia overlay
the surface of the Olf E. Double-labeling with phalloidin at this
stage revealed that muscle fibers lay underneath the organ but
none penetrated the organ itself (Figure 2D). Many of the cell
bodies in the Olf O possessed a concentration of F-actin at
their apical poles (Figure 2D insert, arrowheads). This complex
Olf E, with what appears to be multiple cell types, is consistent
with previous descriptions of Olf Os in other cephalopods.
Sensory neurons were originally described in the chemo-

receptive rhinophore of Nautilus32 and the Olf O of
Octopus.34,53,54 Both structures were found to possess multiple
types of bipolar, ciliated OSNs. Emery55 defined five types of
sensory cell morphologies in the squid, Lolliguncula, which he
described as more variable and complex than those previously
noted in Nautilus and Octopus (Figure 3). Mobley et al.30

estimated the abundance of each type of OSN in the squid Olf
E with <1% being type I, ∼14% type II, and 20% types III−V,
thereby leaving the remaining 66% as other nonsensory
epithelial cells. In the Olf O of Octopus, five cell types have
also been identified,53,54 three of which were suggested to be
OSNs. These descriptions of cell types were closely congruent
to those previously described by Emery and Mobley in squid,
except with fewer OSN types in Octopus.
Although our staining with anti-AcTub was consistent with

the presence of numerous types of OSNs in the cuttlefish, views
of individual OSNs were generally obscured by intermingled
processes from neighboring cells. It was therefore difficult to
recognize unambiguous profiles of any specific cell type, similar
to those previously described in the squid.55 The most
prominent features of the Olf O seen here, and as first noted
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by Buresi et al.,42 were brightly labeled, tubulin-rich structures
lying immediately beneath the epithelial surface that we
interpret as being bundles of internalized cilia characteristic of
types II, III, and IV OSNs.53−55 In addition, the free cilia

overlying the surface of the Olf E likely derives from type V
OSNs and type VI non-neural epithelial cells.
Due to the close positioning of cell bodies and processes in

the Olf O, the techniques used here prevent accurate
determination of cell densities at different developmental
stages. Future experiments may rely upon nuclear stains or
additional antibodies to obtain an approximation of the total
cell density in the Olf O in order to speculate on the
percentages of each cell type morphology.
An examination of hatchlings revealed no change in the

diameter of the Olf O (Figure 2E), although its thickness had
almost doubled from 65 ± 21 μm (n = 24) at stage 29 to an
average depth of 107 ± 14 μm (n = 10) after hatching. In
addition, the Olf E invaginated and formed the olfactory pit in
the center of the surface of the Olf O (Figure 2E). The
invagination seemed to occupy a large volume of the entire
organ, with the Olf E thickness being only 94 ± 13 μm (n = 3).
After hatching, the Olf E had a pit opening 50 ± 11 μm (n = 2)
in diameter (Figure 2F), with a layer of what appeared to be
internalized cilia (asterisks), and numerous free cilia that lined
the lumen of the pit (Figure 2E). We speculate that the
development of an olfactory pit, reminiscent of the vertebrate
“nostril,” may increase surface area of the Olf E, concentrate
odorant in a semi-enclosed space, and/or protect OSNs from
direct contact with the environment. Additionally, although
there is not a complex F-actin network in the Olf O (not
shown) that would suggest an intricate muscular system, most
aquatic nostrils are able to dilate and constrict to control water
flow.
Sensory systems appear to function as early as they develop

morphologically in cephalopod organogenesis. In S. of f icinalis,
embryos can react to tactile, chemical, and visual stimuli in
ovo.56,47,57 Cuttlefish embryos still in the egg capsule can
respond to an aversive odorant, demonstrating that at least
some components of their chemosensory system are functional
even before hatching.57 This behavior, in combination with the
presence of the primitive Olf O and nerve at stage 25, suggests
the embryo may have a rudimentary yet functional olfactory
system at an early developmental stage. However, there are
other chemosensory organs besides the Olf O that may be
functioning before the olfactory system, including contact
sensory cells on the suckers58,5 or recently suggested sensory
cells in the forehead.59 Nonetheless, the increasing size of the
Olf O and Olf E throughout development suggests an increase
in OSNs and therefore a possible increase in the olfactory
abilities of the embryos and hatchlings as they mature.

Neurotransmitters in the Olfactory Organ. FMRFamide
Related Peptides. Anti-FMRFa has been widely accepted as
labeling the family of FaRPs that all share an -RFamide
sequence at their C-terminus.60 In cephalopods, FaRPs are
present in the olfactory system (I. notoides,55 S. of f icinalis,53,54

Figure 2. Acetylated α-tubulin (AcTub) in the olfactory organ. (A)
Section of the olfactory organ at stage 25 contains numerous, small,
tubulin-rich elements immediately beneath the epithelial surface, a
neuropil beneath the organ, and an olfactory nerve. (B) At stage 29,
large tufts of cilia (arrowheads) surround the olfactory organ (bracket)
with smaller, brightly stained, spheroidal elements beneath its surface.
(C) View of the subepithelial structure of the olfactory organ
demonstrates that the olfactory nerve projects from the organ toward
the brain, and tubulin-rich elements sit beneath the olfactory
epithelium. Arrowheads indicate examples of large tufts of cilia on
the body wall surrounding the organ. (D) Double-labeling with anti-
AcTub (red) and phalloidin (green) exhibits minimal colocalization.
Anti-AcTub labels multiple cell body morphologies including some
with projections that appear to have swellings at their apical ends
(asterisks), while others tapered into fine tips (arrows). The cilia that
line the lumen of the olfactory pit are also AcTub-positive. Brightly
fluorescent punctata of F-actin (green, arrowheads) are consistently
present at the apical tips of the cell bodies (red). The location of the F-
actin punctata relative to the apical tips is more clearly demonstrated
in the high magnification of the inset. (E) Section through the middle
of a week-old hatchling’s olfactory organ with the now invaginated
epithelium forms a semitorus (half-doughnut shape) when sectioned at
an angle. Cilia can be observed both lining the inside of the pit and as
internalized cilia under the epithelium (asterisks). (F) Surface of a
hatchling’s olfactory organ that has been shallowly sectioned shows the
opening to the olfactory pit. AcTub, acetylated α-tubulin; Olf O,
olfactory organ; Olf N, olfactory nerve. Scale bars: A−C, E, F = 100
μm; D = 50 μm.

Figure 3. Olfactory sensory neuron morphologies. Diagrammatic
representation based on an illustration published by Emery (1975)
demonstrates the five cell morphologies of OSNs in cephalopods (I−
V) and a sixth epithelial support cell type (VI).
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and Octopus vulgaris61). In Sepia, FMRFa-like immunoreactive
(-LIR) staining showed numerous brightly labeled projec-
tions extending to the surface of the Olf E (Figure 4A). Closer
inspection revealed more dimly labeled bipolar cell bodies
(mean 8 ± 2 μm in diameter; n = 11) with one strongly
fluorescent apical neurite and another basal neurite that
projected to the neuropil that underlay the Olf E (Figure 4A
inset). The olfactory nerve was also visible in sections
processed for anti-FMRFa (Figure 4A). However, faint and
compartmentalized staining of the cells hindered our ability to
assign them to a specific morphological type, although the
slender apical processes seemed to be most consistent with cell
types II, III and V described by Emery55 and Polese et al.54 ISH
confirmed the presence of cell bodies that expressed the Sof-
FMRFa gene in the Olf O of stage 27 embryos (Figure 4B, C,
C′)
Histamine. Whole-mount IHC revealed that HA-LIR

staining was isolated to the Olf O and not present anywhere
else in the head or mantle epithelium. The most apparent
features observed were small, intensely stained punctata, 2 ±1
μm in diameter (n = 63) that were dispersed throughout the
Olf O (Figure 4D, arrowheads). Higher magnification revealed
that these punctata were consistently at the apical ends of
faintly stained cell bodies (14 ± 2 μm in diameter; n = 11;
arrows) or along thin neurites extending to the surface of the
Olf E (Figure 4D inset, arrowheads). Labeled axons were also
present in the neuropil and in the olfactory nerve.
Nitric Oxide Synthase. NOS has been demonstrated to be

present in the olfactory lobe of cuttlefish.62,39 Our results show
that NOS-LIR staining is present in the Olf O (Figure 4E), thus
suggesting that a subset of OSNs might use nitric oxide for
neurotransmission. NOS-LIR staining was confined to punctata
interspersed between bundles of internalized cilia in the Olf O
and no cell bodies were visible. The lack of identifying
characteristics in the NOS-LIR staining prevented us from
further speculating on the type of OSNs.
The finding of NOS, HA, and FaRPs in cuttlefish OSNs

seems to follow a general molluscan plan. Nitric oxide has been
suggested to be a neurotransmitter used by chemosensory
neurons in other gastropods.63,46 Similarly, HA has been
described in the putative chemosensory neurons of several
gastropod species.64,46,65 FaRPs have previously been found in
the Olf E of the terrestrial slug Limax66 and in the
chemosensory osphradium of the pond snail Lymnaea.67

While the presence of these transmitters in the Olf O of
Sepia is consistent with past literature on molluscan chemo-
sensation, the reasons for the incomplete staining of neurons in
the Olf O with transmitter-specific markers are not clear.
Incomplete fixation, especially with the two-stage, EDAC-based
fixative needed for anti-HA IHC (see below), could have
contributed to our limited observations. Another possibility is
that the antigens were strictly localized within presynaptic
compartments, especially for the results involving NOS which
might be used for transmission between cells within the Olf O.
Our results not only suggest possible transmitters used by

OSNs in Sepia but also seem to exclude other candidate
transmitters.
APGWamide. APGWa functions as a neurotransmitter

peptide in gastropod central nervous systems, as well as in
the central nervous system and peripheral axons of bivalves and
cephalopods.40 There were no APGWa-LIR cell bodies or
neurites in the Olf O (Figure 4F), although the outer layer of
the neuropil of the nearby optic lobe was intensely immuno-

Figure 4. Neurotransmitters in the olfactory organ. (A) FMRFa-LIR
bipolar cell bodies extend projections to both the surface of the
olfactory epithelium and to the neuropil. The inset shows a high
magnification of FMRFa-LIR staining in dimly fluorescent cell bodies
with brighter apical projections. (B) Representative section through
the middle of the olfactory organ stained with ISH shows Sof-FMRFa
expressing cell bodies (arrowhead). (C) Staining with the Sof-FMRFa
riboprobe is also visible in the olfactory organ in whole mount
(rectangle). (C′) At higher magnification, the Sof-FMRFa riboprobe
seems to be located within cell bodies (arrowhead) of the olfactory
organ. (D) Histamine-LIR staining in the olfactory organ neuropil
shows extensions from putative cell bodies (arrows) toward the surface
of the olfactory epithelium, which terminate in brightly labeled
punctata (arrowheads). The inset shows anti-histamine (red) double-
labeled with anti-AcTub (green). There is no colocalization between
tubulin-LIR cilia and histamine-LIR cell bodies (arrows) or the
punctata (arrowheads) at high magnification. (E) Immunohistochem-
istry of the olfactory organ in whole mount reveals small, round,
tubulin-rich structures (green) underneath the surface of the olfactory
epithelium and a few putative synaptic structures labeled with anti-
NOS (red, arrowheads). (F) Staining an embryo at stage 27 revealed
no APGWa-LIR staining in the olfactory organ, although some
putative cell bodies were present near the edge of the optic lobe
(arrowhead). (G) Serotonin immunohistochemistry in the olfactory
organ of a stage 27 embryo shows neuropil that extends along the
basal edge of the olfactory organ. (H) The olfactory nerve, which is
also 5-HT-LIR, projects from the neuropil. 5-HT, serotonin; AcTub,
acetylated α-tubulin; APGWa, APGWamide; FMRFa, FMRFamide;
HA, histamine; NOS, nitric oxide synthase; Olf O, olfactory organ; Olf
N, olfactory nerve. Sof-FMRFa, Sepia of f icinalis-FMRFamide. Scale
bars: A, B, D, E−H = 100 μm; A inset = 50 μm; C, C′ = 500 μm; D
inset = 50 μm.
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positive (not shown), as were somata and fibers in the olfactory
lobe (see below). Because of this absence of APGWa-LIR
staining in the Olf O, this peptide appears to be disqualified as a
possible neurotransmitter used by OSNs in early development.
However, APGWa-LIR cell bodies have been previously
described in the Olf E of adult O. vulgaris.40

Serotonin. Our work also suggests that 5-HT may play a role
in efferent control. 5-HT has previously been associated with
the cephalopod olfactory system.68,55,40 For instance, it first
appears in the developing olfactory lobes of the pygmy squid
Idiosepius notoides around stage 24.69 Our results demonstrate
that 5-HT-containing fibers were abundant in the olfactory
nerve and in a layer of neuropil lying at the base of the Olf O,
but not within the Olf E itself nor in any cell bodies in the Olf
O (Figure 4G, H). As with the transmitters mentioned above,
the distribution of 5-HT is reminiscent of staining patterns
previously described in gastropods. 5-HT has been described in
the rhinophores of Aplysia24,18 and Phestilla21 but is isolated to
processes and ganglionic neuropil and is not found in the
peripheral sensory cell bodies, a finding which is consistent with
the staining pattern seen here in the Olf O of S. of f icinalis. This
suggests 5-HT in cephalopods may efferently control the cell
bodies of the Olf O. Moroz et al.70 noted a similar pattern in
the sea slug Pleurobranchaea, and also suggested that it might
play a role in efferent control of sensory pathways in
gastropods.
The Olfactory Nerve. The olfactory nerve was visible using

anti-FMRFa, anti-5-HT, anti-HA, and anti-AcTub by stage 25.
The diameter of the olfactory nerve at stage 25 (15 ± 4 μm; n =
4) is smaller than at stage 30 (20 ± 3 μm; n = 4). A crystal of
DiI, placed directly on the Olf O for approximately 24 h,
resulted in the dye permeating into the olfactory nerve over the
course of several months, and allowed for mapping of the
pathway of the olfactory nerve as it projected to the olfactory
lobe (Figure 5A, red). The olfactory nerve projected from the
basal neuropil of the Olf O (Figure 5B) and bent around the
posterior curve of the optic lobe (Figure 5C, D). The nerve
next curved around the ventral optic lobe (Figure 5D) and then
changed direction and projected dorsally, between the optic
lobe and supraesophageal mass (Figure 5E). Once it reached
the olfactory lobe, the labeled fibers fanned into multiple faint,
small branching projections that were hard to visualize (Figure
5E). However, there were brightly stained cell bodies in and
surrounding the olfactory lobe.
The Olfactory Lobe Development and Morphology.

As early as stage 14, cells cluster to form the beginnings of the
optic, cerebral, visceral, and pedal ganglia and begin to
differentiate by stage 21.71,52 The beginnings of the olfactory
lobe appear in stage 23 as a swelling between the supra-
esophageal mass and the optic lobe anlagen.57 We determined
the size and organization of the developing olfactory lobe based
upon a combination of staining with riboprobes for Sof-Syt,
anti-AcTub, and phalloidin. By stage 25 the olfactory lobe was
comprised of loosely organized neuropil, and averaged 107 μm
across (left to right) and 160 μm in length (along the dorsal-
ventral axis; not shown; n = 3).
The overall shape of the olfactory lobe was in place by stage

27 and did not change through subsequent development. As an
extension of the optic tract, the lobe had a substantial thickness
(along the anterior-posterior axis) and was easily recognizable
as a collection of three lobules (posterior, medial, and anterior,
or also known as lobules 1, 2, and 3, respectively; Figure 6A).
The lobules were offset in such a way that, in posterior sections,

both lobule 1 and 2 were visible in the same 30 μm section,
and, in more anterior sections, lobules 2 and 3 were visible
together (Figure 6A). The olfactory lobe was widest on its
dorsal end and narrowed toward the ventral end, thus forming a
triangular shape (Figure 6B). In addition, the lobe tapered at its
anterior and posterior ends, so that the narrowest regions of
neuropil were in the far anterior end (lobule 3) and the widest
regions were in the middle of the lobe. The individual lobules
were each formed by a central neuropil core surrounded by
neurons. Lobule 3 was comprised primarily of neuropil with
fewer cell bodies than lobules 1 or 2 because it is the most
interwoven with the optic tract.
The size of the olfactory lobe increased from stage 27

through hatching in all dimensions. In late stage embryos (stage
27−29), the neuropil averaged 255 ± 87 μm (n = 15) in length
(dorsal-ventral axis) and 89 ± 49 μm (n = 15) in width (left to
right; Figure 6C1−E3). The bundles of fibers and surrounding
neurons also increased in number throughout development
until the lobe reached a dense composition of indistinguishable
fibers at hatching.

Figure 5. Olfactory organ and nerve stained with DiI. (A)
Diagrammatic representation of a transverse section through the
brain demonstrating locations of the olfactory organ, lobe, and nerve
(red). (B) Olfactory organ in a stage 28 embryo is brightly labeled and
the olfactory nerve can be seen projecting from its base. The dotted
lines help visualize the pathway of the olfactory nerve which cannot be
seen in individual sections. (C) The next section of olfactory nerve can
be seen further away from the olfactory organ as it follows the ventral
and posterior curve of the optic lobe. (D) The olfactory nerve curves
around the optic lobe toward the dorsal side once it reaches the medial
side. It then projects in an anterior direction between the optic lobe
and supraesophageal mass. (E) The nerve innervates the anterior end
of the olfactory lobe where it then branches into smaller bundles of
fibers, potentially terminating on what appear to be brightly labeled
cell bodies. Olf L, olfactory lobe; Olf N, olfactory nerve; Olf O,
olfactory organ; Optic L, optic lobe. Scale bars represent
approximately 100 μm.
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Phalloidin has often been used in studies of developing
molluscan musculature,50 but it also labels F-actin in the
cephalopod central nervous system.48 Phalloidin has also been
described as a consistent marker used to visualize glomeruli in a
wide variety of species, since glomeruli have a much higher
intensity of phalloidin staining than the surrounding regions.51

The staining pattern rendered by phalloidin was also analyzed
in the cuttlefish central nervous system in the vicinity of the

olfactory lobe (Figure 6C1−C3, stage 27). F-actin was brightly
labeled in the neuropil of the dorsal-lateral and olfactory lobes
and in the peduncle commissure, with labeling in the olfactory
nerve as well (Figure 6C1). The neuropil seemed to have some
general directionality, particularly along narrow tracts such as
the peduncle commissure and optic tract, although bundles of
axons often crossed each other at different angles. This
observation was less true for the neuropil at the center of the

Figure 6. Staining by phalloidin, anti-AcTub, and Sof-Syt riboprobe in the central nervous system of S. of f icinalis. (A) The diagram represents an
embryonic cuttlefish in profile (left side) and head-on (dorsal) including the mantle, olfactory organ, eye, arms, and brain. Inside the rectangle is a
diagrammatic depiction of the left olfactory lobe positioned along the optic tract from the dorsal perspective. Orange shading denotes the optic lobe
region including the peduncle lobe; red shading denotes the supraesophageal mass region; the dotted orange line denotes the border between the
two. (B) Diagram which represents the olfactory lobe in transverse sections (as if the embryo were cut parallel to the orientation of the dotted lines
in (A); dorsal up, ventral down; and in the same orientation as Figure 5A) as the panels are oriented in (C1−E3). The purple shading denotes the
subesophageal mass region. (C1−C3) Phalloidin labels F-actin in the optic, peduncle, dorsal-lateral, and olfactory lobes in a stage 27 embryo. (C1)
The olfactory nerve enters the ventral end of olfactory lobule 1 which also connects to the dorsal-lateral and peduncle commissure. (C2) In a more
anterior section, the olfactory lobe has a stereotypical triangular shape with a wider dorsal end. (C3) An anterior section of olfactory lobule 3 has a
narrow diameter due to integration with the optic tract. (D1−D3) Anti-AcTub staining in a section through the olfactory and surrounding lobes in a
stage 27 embryo. (D1) The optic, peduncle, and olfactory lobes contain AcTub-postitive neuropil. (D2) Olfactory lobule 2 is connected to the
peduncle lobe and basal-lateral lobe via the peduncle commissure. (D3) A more anterior section shows connectivity between olfactory lobule 2 and
dorsal-lateral lobe. (E1−E3) The olfactory lobe and surrounding central nervous system is visualized with the Sof-Syt riboprobe in a stage 29 embryo.
(E1) The peduncle lobe in a posterior section connects to the basal-lateral lobe via the peduncle commissure. (E2) The olfactory lobe is more clearly
visible in a more anterior section as an extension of the dorsal-lateral lobe. (E3) Lobules 2 and 3 connect to the dorsal-basal lobe through the optic
commissure. AcTub, acetylated α-tubulin; Basal-L, basal-lateral lobe; Dorsal-B, dorsal-basal lobe; Dorsal-L, dorsal-lateral lobe; m, mantle; Olf L1,
olfactory lobule 1; Olf L2, olfactory lobule 2; Olf L3, olfactory lobule 3; Olf N, olfactory nerve; Olf O, olfactory organ; Optic G, optic gland; Optic L,
optic lobe; Optic T, optic tract; Optic L, optic lobe; Ped C, peduncle commissure; Ped, peduncle lobe; Sof-Syt, Sepia of f icinalis-synaptotagmin
riboprobe; Stellate G, stellate ganglion. Scale bars: 100 μm.
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lobes, in which bundles of fibers seemed to project at all angles
without any organization (Figure 6C2, C3). At no point in the
examined stages were spheroidal clusters of F-actin staining,
indicative of olfactory glomeruli, apparent in the olfactory lobe
or anywhere else in nearby regions of the brain.
Anti-AcTub stained the neuropil of the central nervous

system in the dorsal-basal lobe, olfactory lobe, optic lobe, and
peduncle lobe (Figure 6D1). At stage 27, AcTub-LIR staining
filled the lobes as a condensed conglomeration of fluorescence,
although upon close inspection individual bundles of fibers and
structures were apparent, particularly extending off and in-
between individual lobes. These long projections extended
from one neuropil to another: for example, in the peduncle
commissure between the olfactory lobe and the peduncle lobe

(Figure 6D2) and in the optic tract, between the dorsal-lateral
and olfactory lobe (Figure 6D3).
Sof-Syt riboprobe was localized to the cell bodies on the

periphery of the lobes in the central nervous system. The
intensely labeled cell body cortex delineated the edges between
individual lobes while the neuropil cores were lightly labeled,
which demonstrated that the majority of the lobes in the
cuttlefish brain were filled with neuropil and had an outer
cortex of cell bodies (Figure 6E1−E3, stage 29). This staining
assisted in visualizing the individual lobes of the brain.
In week-old hatchlings, the olfactory lobe had not changed in

structure, shape, or organization, but had increased greatly in
size from stage 29. The average size of the total lobe length

Figure 7. Neurotransmitters in the olfactory lobe. (A) FMRFa-LIR staining in a section through the middle of the olfactory lobe in a stage 28
embryo. Cell bodies are visible in olfactory lobules 1 and 2. (B) Posterior section of a stage 30 olfactory lobule 1 double-labeled with anti-FMRFa
(red) and phalloidin (green) to show that the cortex of cell bodies surrounding the lobule is almost completely devoid of neuropil, which is restricted
to the lobule core. (C) High magnification of the Sof-FMRFa expression in the left olfactory lobe in a stage 27 embryo is visualized with ISH. (C′)
Higher magnification of (C) demonstrates Sof-FMRFa expression inside the cell bodies of the olfactory lobe. (D) Histamine immunoreactive staining
in the central nervous system of a stage 28 embryo shows possible cell bodies in the olfactory lobe (lobule 1) with almost no visible neuropil. The
olfactory nerve projects toward the anterior end of the lobule. Light staining is also apparent in the peduncle lobe. (E) Anti-APGWa staining is
present in the olfactory lobe of a stage 27 embryo. The posterior surface of olfactory lobule 1 is a cortex of APGWa-positive cell bodies. (F) In a
more anterior section, neurons wrap around the outside of the lobe while the interior neuropil is visible. (G) The anterior-most section contains
neurons of olfactory lobule 2 and neuropil of lobule 3. (H) Anti-APGWa (red) and anti-FMRFa (green) double-labeling in the olfactory lobe in a
stage 27 embryo shows that the surface cortex of olfactory lobule 1 is primarily composed labeled cell bodies. A few cell bodies are colabeled
(yellow). (I) Olfactory lobule 1 has more of the central neuropil exposed, more FMRFa-LIR neurons in the anterior of the lobule, and more cell
bodies that are colabeled in a more anterior section. (J) The olfactory nerve, projecting to the anterior tip of olfactory lobule 1, contains both
APGWa-positive and FMRFa-positive fibers with no colocalization. (K) High magnification of the posterior cell body cortex of lobule 1 shows
individual cell bodies in the olfactory lobe; colabeled (yellow) cell bodies are identified with arrowheads. (L) 5-HT-LIR staining in the olfactory lobe
and surrounding central nervous system in a posterior section of a stage 27 embryo demonstrates how the olfactory nerve innervates olfactory lobule
1 neuropil, with neurons around the periphery of the lobule. (M) The peduncle commissure connects the dorsal end of the olfactory lobule 1
neuropil to the dorsal-basal lobe. (N) 5-HT-LIR cell bodies surround the central neuropil of the olfactory lobe. The peduncle lobe also contains 5-
HT-LIR neuropil. (O) High magnification showing the 5-HT-LIR staining in neurons and neuropil of olfactory lobule 1. 5-HT, serotonin; Dorsal-B,
dorsal-basal lobe; Dorsal-L, dorsal-lateral lobe; Olf L1, olfactory lobule 1; Olf L2, olfactory lobule 2; Olf L3, olfactory lobule 3; Olf N, olfactory
nerve; Optic C, optic commissure; Ped, peduncle lobe; Ped C, peduncle commissure. Scale bars: 100 μm except C′ = 10 μm.
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(dorsal-ventral) was 528 ± 67 μm (n = 15) and mean lobe
width (left to right) was 213 ± 78 μm (n = 15).
Thus, phalloidin, anti-AcTub, and Sof-Syt riboprobes did not

show any signs of glomeruli in cuttlefish, nor did distribution
patterns of neurotransmitters in the olfactory lobe reveal
glomeruli in the present study (see below) or in previous work
in Octopus,38−40 but they did provide further information about
the organization of the olfactory system.
Neurotransmitters in the Olfactory Lobes. FMRFa-

mide-Related Peptides. FMRFa-LIR staining was visible in cell
bodies of olfactory lobules 1, 2, and 3 surrounding a central
neuropil that connected to the optic commissure (Figure 7A,
B), although immunoreactive somata were more prevalent in
lobules 1 and 2 than in lobule 3 (not shown). This centralized
neuropil, in addition to containing FMRFa-LIR fibers, also
contained F-actin (Figure 7B). A Sof-FMRFa riboprobe
confirmed the presence of a large quantity of neurons that
expressed FaRPs in olfactory lobule 1 (mean diameter 10 μm; n
= 45; Figure 7C, C′). The general shape of olfactory lobe was
also apparent, with most of the neurons located dorsally as the
lobe tapered to a narrow point on the ventral end.
The presence of both IHC and ISH staining in the lobe

suggests that in addition to FaRPs being a neurotransmitter in
OSNs, there are also second order neurons within the olfactory
lobe that are FMRFa-positive. Intense FMRFa-LIR staining was
also present in the rest of the brain, including cell bodies and a
centralized neuropil in the dorsal-basal lobe. There were also
connections between the dorsal-basal lobe, olfactory lobe, optic

gland, and peduncle lobe through the FMRFa-positive fibers in
the optic tract and peduncle commissure (Figure 8A, B).

Histamine. The triangular shape of the olfactory lobe was
easily observed with IHC using anti-HA (n = 16; stage 27;
Figure 7D). Numerous cell bodies with mean diameters of 10 ±
2 μm (n = 13) were distributed around the olfactory lobe.
While there was no staining in the neuropil of the olfactory
lobe, there was dim neuropil staining in the peduncle lobe, as
well as the neuropil and cell bodies on the dorsal edge of the
dorsal-basal lobe. There were no systematic differences in
immunoreactivity between the lobes. HA-LIR axons in the
olfactory nerve were also seen entering the ventral end of the
olfactory lobe, consistent with our evidence that HA is a
neurotransmitter in cuttlefish OSNs.

APGWamide. Several neuropeptides involved in reproduc-
tion, including FaRPs, neuropeptide Y, gonadotropin-releasing
hormone, and APGWa, were reported in the OSNs and fibers
of the O. vulgaris olfactory lobe.39,40 The abundance of
reproductive peptides in the olfactory system in Octopus
suggested APGWa might also be a useful marker to help
describe the organization of the olfactory lobe in Sepia.
Despite the lack of APGWa in the Olf O (see above),

immunoreactive neurons were abundant throughout the
olfactory lobe with no noticeable difference between lobules
(Figure 7E−G). APGWa was also present in the rest of the
central nervous system, particularly in the neuropil of the optic
lobe, peduncle lobe, optic tract, and dorsal-basal lobe (Figure

Figure 8. Interconnectivity of the olfactory lobe. (A) FMRFa-LIR staining is present in the supraesophageal mass at stage 28. Cell bodies on the
dorsal edge project neurites anteriorly into the central neuropil of the dorsal-basal lobe. Many of the horizontal fiber bundles in the neuropil project
into the optic tract, some of which innervate the olfactory lobe. (B) Anti-FMRFa staining in the dorsal-basal lobe connects via the optic tract to the
optic gland, olfactory lobe, and peduncle lobe. (C) APGWa-LIR staining also labels the interconnectivity of the olfactory lobe to other lobes in the
central nervous system including the peduncle, optic, and dorsal-basal lobes through the optic tract. The arrowhead indicates a collection of fibers
near the point of termination of the olfactory nerve onto the olfactory lobe. (D) In a more posterior section, the neuropil of the optic tract is only
partly visible, along with projections from the olfactory lobe toward the subesophageal mass. Dorsal-B, dorsal-basal lobe; Olf L, olfactory lobe; Optic
G, optic gland; Optic L, optic lobe; Optic T, optic tract; Ped, peduncle lobe; Ped C, peduncle commissure. Scale bars: 100 μm.
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8C, D). The staining also projected to the subesophageal mass
and the optic lobe (Figure 8D).
Double-labeling experiments with anti-FMRFa and anti-

APGWa showed that on the posterior surface of olfactory
lobule 1, 66% (n ∼ 50 neurons) of the neurons were APGWa-
positive, 26% (n ∼ 25) were FMRFa-positive, and 8% (n ∼ 6)
were colocalized (Figure 7H−K). Although no colabeling was
apparent in the nerve, several cell bodies in the dorsal end of
lobule 1 were colabeled (Figure 7K, arrowheads). In other
molluscs, such as the land snail Cornu aspersa, FaRPs and
APGWa have been shown to act synergistically, and were often
coexpressed in the same neurons controlling male copulation.72

Serotonin. 5-HT has been previously described in the
olfactory system of cephalopods;68,55,65 however, we found
additional anti-5-HT staining in the neuropil of the olfactory
lobe consistent with a previous study of 5-HT in the adult squid
I. notoides.69 Here, we observed that 5-HT-LIR staining was
present in both neurons and neuropil throughout the central
nervous system of S. of f icinalis, including neurons in the optic
and dorsal-basal lobe and fibers of the peduncle lobe and
olfactory nerve (Figure 7L). The 5-HT-LIR staining of the
olfactory nerve innervating lobule 1 confirmed similar fainter
staining observed with DiI stain (Figure 5E). The neuropil in
the anterior region of the olfactory lobe was 5-HT-positive with
a few cell bodies around the periphery of lobule 2 (Figure 7M,
N). When lobule 1 was viewed at a higher magnification,
neurons could be observed to project their axons to a central
core of neuropil (Figure 7O).
Despite the loose disorganization of the lobe at stage 25, it

appears to be functional based on behavioral evidence
previously published.56,47,57 As the embryo develops, the Olf
O and olfactory lobe both continuously grow, and most likely
continue to do so well into adulthood.54 As the Olf O increases
in surface area and number of OSNs, the olfactory lobe may
also increase its area to accommodate a proliferation of
incoming fibers. In addition to overall growth, the olfactory
lobe also increases in refinement and organization throughout
development, from a loose collection of fibers to a tightly
packed centralized neuropil. The implications of this
rudimentary functionality at early developmental stages and
the increase in size and complexity of the lobe throughout
development are, however, presently unknown.

■ SUMMARY AND EVOLUTIONARY PERSPECTIVES
Taken together, the various histological stains which we
employed in the present study provide an initial, but
nonetheless detailed, description of the organization and
development of the olfactory system of the cuttlefish, S.
of f icinalis. We provide evidence for multiple cell types of OSNs
as well as the neurotransmitters in the organ and nerve. We also
describe the organization of the olfactory lobe and identify
possible afferent and efferent neurotransmitters to and from the
lobe (Figures 8 and 9). Finally, we explored the lobe for
potential glomerular structures and did not find anything
resembling those described in gastropods, vertebrates, or
arthropods. Not only do these insights help us understand
how cephalopods detect, process, and organize olfactory inputs,
these descriptions can also be used to draw inferences about the
evolution of olfaction, as related particularly to the involvement
of glomeruli in initial stages of processing olfactory information.
There are several key similarities between the olfactory

glomeruli of different phyla (reviewed in ref 10) that we use as
morphological criteria to identify a potential glomerulus in

cuttlefish. First, all glomeruli described thus far, except for those
in gastropods (see above), have been found in the central
nervous system, i.e., in the olfactory bulb in vertebrates, the
olfactory lobe in crustaceans, and the antennal lobe of insects.
Second, previously described glomeruli have an overall
spherical shape, as also seen in vertebrates, crustaceans, and
insects. Third, glial cells surrounded glomeruli in all animal
groups, most likely isolating individual glomeruli from each
other to define their sharp outlines. Fourth, glomeruli seem to
be generally similar in size, within the range 40−100 μm.19

Fifth, glomeruli across the animal kingdom are marked by a
high turnover of neurons.73,51 Since F-actin is plentiful in newly
developed neurites, phalloidin stains glomeruli in many
animals.51,74 In this present study, we applied these criteria
and suggest that Sepia, like Nautilus and Octopus,10 may not
have structures resembling classical glomeruli in their olfactory
lobes. Final confirmation of this hypothesis will come from
wider surveys of related brain structures which might process
olfactory information and perhaps the use of glial markers.
A question might arise regarding whether suckers and sucker

ganglia should be considered as part of the olfactory pathway.
We argue that while ganglia have been widely observed at the
base of suckers, we do not believe that these structures serve
the same purpose as olfactory glomeruli. Suckers are generally
considered to be contact chemosensory organs as mentioned
above. Additionally, those ganglia would be points of
convergence for all neurons in the sucker, regardless of
chemical quality or even sensory modality. Alternatively,
olfactory glomeruli are points of convergence based on
olfactory receptor type (therefore indicating chemical quality)
and not location.
One explanation for why glomeruli would have been

previously described in gastropods but not cephalopods could
be that glomeruli do exist in certain molluscs (i.e., some
gastropods) but have been lost in the cephalopods. In fact,
glomeruli appear to have been independently lost several other
times in animal evolution. For example, modern toothed whales
have completely lost their glomeruli, along with their entire
sense of olfaction,75 as have some arthropods.76 Recent studies

Figure 9. Neurotransmitters in olfactory pathways and putative
sensory neurons. Schematic that represents the suggested locations of
different neurotransmitter-like immunoreactivity presented in this
study. In the olfactory organ, FMRFa (blue) and histamine (red) are
suggested to be neurotransmitters of the olfactory sensory neurons
that project to the olfactory lobe. In the olfactory lobe, 5-HT-positive
cell bodies (magenta) are possible efferent neurons that project to the
olfactory organ. APGWa (green), FMRFa, and 5-HT also project to
other lobes of the brain. 5-HT, serotonin; APGWa, APGWamide;
FMRFa, FMRFamide; HA, histamine; Olf L, olfactory lobe; Olf O,
olfactory organ; Optic L, optic lobe.
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have suggested that cephalopods differ greatly from other
molluscs in their ability to edit RNA, a quality that allows them
to diversify their transcriptome at the expense of genetic
evolution.77 Perhaps this specialized process has resulted in an
alternative olfactory organization without the use of glomeruli,
despite their molluscan ancestry.
It seems to be more likely, however, that olfactory glomeruli

may not exist in any molluscs, at least not in the same sense
that they have been described in arthropods and vertebrates.
Glomeruli were first suggested to be present in a gastropod
species before molecular studies were designed to define
glomeruli in vertebrates and arthropods.19 The peripheral
locations of gastropod glomeruli differ profoundly from their
central locations in other animals, but their locations in
gastropods also challenge explanations of how these structures
might serve as foci for the convergence of afferent inputs from
across the Olf E as has previously been described in other
species.11,10,15 In addition, there are relatively fewer glomeruli
in gastropods (20−36 glomeruli depending upon the species)
than in vertebrates or arthropods (on the order of 1000−5000
glomeruli in mammals; 50−300 glomeruli in arthro-
pods).19,11,18 Perhaps most importantly, no evidence yet exists
in any molluscs indicating that afferent inputs from OSNs
sharing specific receptor proteins segregate to innervate target
glomeruli according to the “one receptor, one glomerulus” rule,
which is fundamental to our modern understanding of olfactory
processing in vertebrates and arthropods.78 Cummins and
Wyeth18 noted these distinctions and prompted for more
molecular studies to further define the gastropod olfactory
glomerulus.
Such differences between glomeruli in gastropods and those

found in other animals, in combination with a distinct lack of
evidence for olfactory glomeruli in cephalopods, suggest that
these structures are not found universally among all cephalized
animals. With olfactory glomeruli hypothetically isolated to
vertebrates and arthropods, it is possible that these structures
independently evolved twice to overcome common problems in
the processing of sensory information regarding wide arrays of
dilute chemicals in these two clades. If true, the question then
would remain as to how cephalopods, or in fact any molluscs,
organize their olfactory input without glomeruli. Further
behavioral and physiological studies in cephalopod olfaction
are therefore needed. By understanding the mechanisms by
which cephalopods, particularly coleoids, can detect and
discriminate odorants, we can better understand the evolution
of olfaction across a diversity of animal models.

■ METHODS
Animal Collection. Eggs from Sepia of f icinalis were gathered near

Concarneau, France, in the late springs of 2014−2016 and were
subsequently maintained at approximately 20 °C in aerated seawater.
Each day, the capsule and chorion layers were removed from several
specimens to obtain a collection of developmental stages.79,80 Under
these conditions, embryos generally developed over 30 days
(approximately 1 stage/day) and were allowed to develop until just
prior to hatching. Embryos from three distinct points in development,
mid-stage (stage 25), late-stage (stage 27−29), and immediately before
hatching (approximately stage 30), were used to describe the
development of the olfactory system. In addition, some hatchlings
reared in the Aquatron Facility at Dalhousie University were collected
at approximately 1 week old.
All specimens used for experimentation were anesthetized in 7%

magnesium chloride in distilled water (dH20) for 20−40 min, until
they became unresponsive to stimuli, and then immersed in fixatives.

For those embryos reserved for ISH experiments, embryos were
opened in RNase-free conditions before anesthetization and fixation.
All animal procedures were in compliance with the guidelines of the
European Union (Directive 86/609) and the French law (Decree 87/
848) regulating animal experimentation, as well as the Dalhousie
University Committee on Laboratory Animals protocol (in compliance
with the guidelines on procurement of animals used in science
published by the Canadian Council on Animal Care). Efforts were
made to minimize animal suffering and to reduce the number of
animals used.

Fixation and Tissue Preparation. After anesthetization, embryos
collected for IHC and ISH experiments were decapitated and split in
half before fixation. Two different fixatives were used. Paraformalde-
hyde (PFA) fixative was prepared using 16% PFA (PFA; RT-15710,
Electron Microscopy Sciences, Hatfield, PA), which was further
diluted to 4% in phosphate buffered saline (PBS; 50 mM Na2HPO4,
140 mM NaCl, pH 7.2) in which embryos were incubated for 24−36
h. Embryos destined for anti-HA IHC were first fixed in a solution of
2% EDAC (1-ethyl-3(3-dimethylaminopropyl)-carbodiimide; Sigma-
Aldrich, Mississauga, ON, Canada) and 0.4% N-hydroxysuccinimide in
PBS81 for 24−36 h before postfixing in 4% PFA for an additional 48 h.
All fixations occurred at 4 °C with gentle agitation on a shaker, after
which embryos were washed in fresh PBS for 12 h before storage in
PBS with 0.005% sodium azide at 4 °C or in RNase-free 50/50
glycerol/PBS at 20 °C for embryos reserved for ISH.

Immunohistochemistry. Staining protocols described by Croll82

were used with modifications. Specimens were prepared with either a
single- or double-label with one or two primary and secondary
antibodies (see below) from different hosts so that they were viewable
in different fluorescent channels and/or in combination with
phalloidin (see below). Embryos were either processed as halved-
heads or as cryosections.

For whole-mounts, pieces of tissue were placed into individual 1.5
or 2.0 mL Eppendorf vials and then incubated in PBS-Tx blocking/
diluent solution comprised of PBS with 2% dimethyl sulfoxide
(DMSO), 1% Triton X-100, 0.1% bovine serum albumin, and 0.1%
normal goat serum (all from Sigma-Aldrich) for 24 h at 4 °C. The
blocking solution was then replaced with a solution containing primary
antibodies (combined in double labeling experiments) and diluted
1:200 in PBS-Tx. After 10 days at 4 °C, the preparations were rinsed
with PBS and agitated at room temperature for 10 min before being
rinsed again for four additional times at 10 min intervals. They were
then incubated in 1:200 dilutions of fluorescently labeled secondary
antibodies in PBS-Tx for an additional 10 days at 4 °C. Specimens
were rinsed with PBS using the same procedure used after incubation
in the primary antibody. The clearing agent CUBIC (clear,
unobstructed brain/body imaging cocktail; 25% Quadrol
[(ethylenedinitrilo)tetra-2-propanol], 25% urea, 15% Triton X-100
(all % calculated as weight/volume) in dH2O

83) was used to improve
visualization in whole-mount specimen.

For IHC on sections, fixed embryos were placed in a phosphate
saccharose buffer (12% saccharose in 120 mM phosphate buffer, pH
7.2) for 24 h, after which the solution was exchanged with fresh buffer
for another 24 h. Next, embryos were incubated in gelatin/saccharose
phosphate buffer (120 mM phosphate buffer, 12% saccharose, and
7.5% gelatin) for 1 h, or embedded in Fisher HealthCare Tissue-Plus
O.C.T. (optimal cutting temperature) compound (ThermoFisher
Scientific, Waltham, MA) or Tissue-Tek O.C.T. compound (Sakura
Finetek USA Inc., Torrance, CA) and then rapidly frozen at −80 °C.
Blocks were subsequently cut into 30−60 μm sections along the
transverse (i.e., horizontal or axial) plane using a cryostat (CM1510;
Leica Microsystems GmbH, Wetzlar, Germany) and placed on either
SupraFrost Ultra or SuperFrost Ultra Plus Adhesion (ThermoFisher
Scientific) slides, previously coated with 0.5% gelatin and 0.05%
chromium potassium sulfate dodecahydrate (CrK(SO4)2; R&D
Systems Protocol; https://www.rndsystems.com/resources/
protocols/protocol-preparation-gelatin-coated-slides-histological-
tissue-sections).

Individual slices were isolated from one another on each slide with a
hydrophobic pen (Liquid Blocker Pap Pen for Immunostaining,
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Sigma-Aldrich) to avoid solution dispersal. Slides were incubated
under the same conditions as in whole-mount, except that they were
placed in a sealed humid chamber with a moist paper towel to avoid
dehydration. Incubations in the primary and secondary antibodies only
lasted 24 h each with three gentle washes over half hour periods
between incubations and before mounting. Sections were then
mounted in a medium of 6 g of glycerol, 2.4 g of MOWIOL (EMD
Milipore, Billerica, MA), 6 mL of dH2O, and 12 mL of 0.2 M Tris
buffer, pH 8.5) for viewing.
Some slides were alternatively processed using secondary antibodies

that were coupled with biotin rather than fluorescent markers. After
antibody incubation, the slides were transferred to an avidin−biotin−
HRP complex for 1 h (ThermoFisher Scientific, Waltham, MA). These
specimens were processed for DAB (3, 3′-diaminobenzidine) staining
using the VECTASTAIN Elite ABC kit (Vector Laboratories,
Burlingame, CA) according to instructions. Finally, slides were washed
in the same conditions as fluorescent IHC and mounted in MOWIOL.
Primary and Secondary Antibodies. Most antibodies used in

this study were obtained commercially so the specificity and affinity to
their respective antigens have been systematically demonstrated over
several different conditions and in a variety of vertebrate and
invertebrate species, as described by the suppliers. Antibodies were
incubated with tissue in PBS at dilution 1:200. AcTub, a post
translational modification of an α-tubulin that increases microtubule
stability,84 was labeled using clone 6-11B-1 (monoclonal mouse
T6793, Sigma-Aldrich). This clone, raised against sea urchin tubulin,
has been shown to reliably stain neurons in a variety of invertebrates,
including molluscs.35,85,47,48,57,49,42 Likewise, anti-universal nitric oxide
synthase (uNOS; polyclonal rabbit; Affinity Bioreagents, Golden, CO,
PA1-039) antibody has also been used reliably in a variety of
molluscan studies.62,38,46,86 The HA antibody has been extensively
published, and reactivity has been demonstrated in vertebrates (Mus
musculus87), arthropods (Drosophila88), and molluscs.64,46,65,89 Label-
ing with the FMRFa antibody (polyclonal rabbit Immunostar Inc.,
Hudson, WI, 20091, lot #1331002) has been described in multiple
phyla, including Mollusca.66,67,53,61,90,55,54 The 5-HT antibody
(polyclonal rabbit, #20080, Immunostar, Hudson, WI) has been
used extensively in studies in diverse phyla,13,14 including Mollus-
ca.68,24,55,69,46,18,40 Finally, the antibody against APGWa was raised for
a study in the snail, Lymnaea stagnalis, and was conducted in
conjunction with ISH to confirm its specificity.91 Since then, the
antibody has been used to label neurons and neuropil containing
APGWa in a variety of molluscs including Aplysia spp., Placopecten
magellanicus, and Octopus vuglaris.92,93,38,40

Fluorescent detection of immunoreactive staining included the
following secondary antibodies: goat anti-mouse Alexa Fluor 488, cat
#A28175 from Invitrogen (Carlsbad, CA); donkey anti-mouse Alexa
Fluor 555, cat #A31572 from Invitrogen; donkey anti-rabbit Alexa
Fluor 488, cat #A21206 from Invitrogen; goat anti-rabbit Alexa Fluor
555, cat #A21428 from Invitrogen; goat anti-guinea pig Alexa Fluor
555, cat #A21428 from ThermoFisher. Nonfluorescent detection of
immunoreactive staining employed a goat anti-rabbit antibody
conjugated to biotin, CAT #BA-1000 from Vector Laboratories.
Controls. Consistent staining patterns were observed using

different fluorophores (Alexa Fluor 488 vs Alexa Fluor 555) and
when comparing fluorescent vs nonfluorescent secondary antibodies.
Omission controls were conducted as tissues were tested for
background autofluorescence in the absence of any antibodies. Fixed
tissue showed no autofluorescence. In addition, sections processed
without primary antibody incubation confirmed that there was no
significant, unspecific secondary antibody binding.
Other Histofluorescent Labeling. Some specimens were

colabeled with phalloidin conjugated to AlexaFluor 488 (Invitrogen,
A12379, lot #165101, dilution 1:200), which was applied at the same
time as the secondary antibodies.
In additional specimens (stage 28), the fluorescent lipophilic dye,

DiI ((2Z)-2-[(E)-3-(3,3-dimethyl-1-octadecylindol-1-ium-2-yl)prop-2-
enylidene]-3,3-dimethyl-1-octadecylindole; perchlorate), was used to
trace the nerve from the Olf O to the olfactory lobe. DiI (Molecular
Probes, Eugene, OR, D-282, lot #4591-24, Alexa Fluor 555) has been

used in a variety of physiological studies to identify the Xenopus
extrabulbar olfactory pathway,45 the moth olfactory lobe,44 and
gastropod peripheral sensory cells.46 Cuttlefish heads that were fixed
overnight in 4% PFA were mounted in 10% agarose in PBS in a culture
dish well with 0.005% sodium azide. This agarose gel provided a stable
base in which the head could be oriented so that the Olf E was
exposed. A small crystal of DiI was placed directly on the olfactory pit
for 24 h. The heads were then carefully removed from the agarose and
the external DiI was rinsed with PBS before the embryonic heads were
stored in PBS with 0.005% sodium azide for 8 to 12 months to allow
the diffusion of DiI through the olfactory nerve to the brain.

Gene Isolation and Probe Synthesis. General procedures for
gene isolation, orthology analyses, and primer design for probe
synthesis have been previously described.54,41 The orthology of each of
the sequences has been determined using phylogenetic analyses
(Mega7 software) and specific primers were designed for polymerase
chain reaction (PCR) amplification. Gene fragments were amplified by
PCR under the following conditions: 95 °C for 5 min + (95 °C for 30
s, 58 °C for 30 s, 72 °C for 1 min) for 35 cycles +72 °C for 10 min. As
templates, we used total RNA of S. of f icinalis extracted from a pool of
embryos from stages 15 to 30 using Tri Reagent (MRC, Cincinnati,
OH) and an RNA purification kit (Qiagen, Valencia, CA). mRNAs
were isolated with the genomic (gDNA) eliminator column and
converted into cDNA by the Omniscript reverse-transcriptase
(Qiagen). PCR products of the expected size were cloned into
TOPO vectors (Invitrogen) and sequenced by GATC Biotech
(Konstanz, Germany). RNA probes were generated by in vitro
transcription using digoxigenin-11-UTP (DIG RNA labeling mix kit;
Roche, Meylan, France). Antisense and sense probes were obtained
with T3 or T7 polymerase (Roche) and were purified by cold
precipitation with lithium chloride and anhydrous alcohol.41 Sense
RNA probes were used as negative controls.

In Situ Hybridizations. Whole-mount ISH was done as previously
described in Buresi et al.41 ISH was also conducted on cryosections
prepared in RNase-free conditions. While most of the procedure on
cryosections was consistent with that done on whole-mount
preparations, any permeability treatments such as the methanol
dehydration steps and proteinase K were unnecessary and therefore
omitted. After initially rinsing the slides in PBS at room temperature,
sections were rinsed again in a saline-sodium citrate buffer (SSC (5×)
0.3 M sodium citrate; 3 M NaCl, pH 8.0). Slides were then incubated
in a humid chamber at 65 °C for 2 h in the prehybridization buffer
(50% deionized formamide, SSC (5×), 40 μg/mL salmon sperm
DNA, Denhard’s solution (5×), and 10% dextran sulfate). The
hybridization buffer included an addition of 300 ng/mL of probe to
the prehybridization buffer and was left overnight in a humid chamber.
After rinses in SSC (2×) and SSC (0.1×) at 65 °C, slides were
transitioned to MABT (100 mM maleic acid, 150 mM NaCl, 0.1%
Tween-20, pH 7.5) and then incubated for 1 h with the addition of 4%
blocking buffer and 15% fetal bovine serum at room temperature.
Sections were then incubated in anti-DIG antibody (1:500; Sigma-
Aldrich polyclonal sheep #11333089001) conjugated to alkaline
phosphatase (AP) and diluted 1:500 in 1% blocking buffer, 5% fetal
bovine serum, and 94% MABT at 4 °C for 2 h. Slides were rinsed in
MABT and then left at room temperature in MABT overnight. Finally,
AP buffer (100 mM Tris-HCl pH 9.5, 100 mM NaCl, 50 mM MgCl2,
0.1% Tween-20, and 1 mM levamisol) was added to the sections for 20
min before revelation with the addition of 150 μg/mL 5-bromo-4-
chloro-3-indolyl phosphate (BCIP) and 300 μg/mL nitroblue
tetrazolium chloride (NBT) until the desired contrast was reached.
Slides were then rinsed and mounted in MOWIOL (see above).

Microscopy. All fluorescent histology slides were first viewed on a
conventional Leica DM 4000 B fluorescent microscope before being
photographed on a Zeiss LSM 510 laser scanning confocal microscope
(Carl Zeiss, Thornwood, NY) using 543 nm helium−neon laser or 488
nm argon laser to view Alexa Fluor conjugates. Emissions were
collected using 480−520 nm and 500−615 nm band-pass filters
(BP565-615, Carl Zeiss AG) through a 10× 0.45 NA objective (Plan-
Apochromat SF25, Carl Zeiss AG), 25× 0.80 NA objective (LCI Plan-
Neofluar, Carl Zeiss AG), or 40× 0.95 NA objective (Plan-
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Apochromat M27, Carl Zeiss AG). Confocal z-stacks of sections
ranged from 30 to 60 μm depth (depending on thickness of
cryosection). Whole-mount confocal images were more variable, but
care was taken to ensure that z-stacks also included several scans above
and below the regions of interest to ensure that the entire subject was
captured. The distance between optical sections was set using optimal
interval settings suggested by the acquisition software. Z-stacks were
converted into maximum intensity or standard deviation projections
using Fiji (ImageJ v3.2.1 for Mac OS X, National Institute of Health,
Bethesda, MD94) and Zeiss ZEN2009 software.
IHC involving DAB staining and ISH involving BCIP/NBT staining

were viewed under a Leica DMLB microscope and imaged using a
Qimaging Retiga 2000R camera. Final figures were constructed using
Adobe Photoshop CC 2015 (Adobe Systems, Inc., San Jose, CA) and
Fiji with adjustments for size, contrast, and brightness. Schematic
diagrams were drawn using Adobe Photoshop CC 2015.
Data Analysis. Numerical values, such as neuron diameter, were

measured with Fiji using scale information captured by Zeiss ZEN2009
software. Values are expressed as mean ± standard deviation (n =
specimen). Scale bars in figures were also calculated via Zeiss
ZEN2009 and Fiji software.
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