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Multiple optic gland signaling pathways implicated in octopus

maternal behaviors and death
Z. Yan Wang* and Clifton W. Ragsdale

ABSTRACT

Post-reproductive life in the female octopus is characterized by an
extreme pattern of maternal care: the mother cares for her clutch of
eggs without feeding until her death. These maternal behaviors are
eradicated if the optic glands, the octopus analog of the vertebrate
pituitary gland, are removed from brooding females. Despite the optic
gland’s importance in regulating maternal behavior, the molecular
features underlying optic gland function are unknown. Here, we
identify major signaling systems of the Octopus bimaculoides optic
gland. Through behavioral analyses and transcriptome sequencing,
we report that the optic gland undergoes remarkable molecular
changes that coincide with transitions between behavioral stages.
These include the dramatic upregulation and downregulation of
catecholamine, steroid, insulin and feeding peptide pathways.
Transcriptome analyses in other tissues demonstrate that these
molecular changes are not generalized markers of senescence, but
instead, specific features of the optic glands. Our study expands the
classic optic gland—pituitary gland analogy and more specifically, it
indicates that, rather than a single ‘self-destruct’ hormone, the
maternal optic glands employ multiple pathways as systemic
hormonal signals of behavioral regulation.

KEY WORDS: IGFBP, Cephalopod mollusc, Feeding, Hormones,
Neuroendocrine signaling, Senescence

INTRODUCTION

Octopuses and other soft-bodied (coleoid) cephalopods are short-
lived, semelparous animals: adults die after a single reproductive
period (Rocha et al., 2001). Typically, octopuses lead solitary lives
and come together only to mate (Wells, 1978). Females store sperm
in specialized compartments in their oviducal gland (Wells, 1978).
As eggs are laid, they pass through the oviducal gland and are
fertilized. The female octopus anchors her eggs to substrate with
mucal secretions and tends to her clutch as the embryos develop.
During this brood period, she rarely leaves her clutch and abstains
from food. By the time of hatching, the female dies (Anderson et al.,
2002; Hanlon and Messenger, 2018; Wells, 1978).

In a key experiment from 1977, Jerome Wodinsky surgically
resected optic glands from female Caribbean two-spot octopuses
(Octopus hummelincki) that were brooding their clutches of eggs
and had stopped feeding. Removal of the optic glands led to
substantial behavioral changes: females abandoned their clutches,
resumed feeding, gained weight and some even mated again.
Glandectomized individuals lived 5.75 months longer than their
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intact counterparts, leading Wodinsky to conclude that the optic
gland and optic gland secretions constituted an octopus ‘self-
destruct system’ (Wodinsky, 1977). The molecular features
underlying optic gland signaling have not been explored with
modern investigative techniques, and the putative ‘optic gland
hormone’ (Wells, 1978) remains unidentified to this day.

Classic work from Wells and Wells (1959) established that the
optic glands are also necessary for the proper timing of sexual
maturation. The optic glands are situated on the optic stalks, nestled
between the large kidney-shaped optic lobes and the central
brain. They are known to receive inhibitory signals from the
subpedunculate lobe of the supraesophageal brain (O’Dor and
Wells, 1978; Wells and Wells, 1959). At sexual maturity, this
inhibition is released; the optic gland swells in size and darkens in
color (Wells and Wells, 1975). This change causes the gonads and
reproductive organs to mature (Wells and Wells, 1959). Wells and
Wells (1969) posited that the optic glands are the octopus analog to
the vertebrate pituitary gland, acting as intermediaries between brain
control centers and peripheral targets.

To gain insight into the molecular features underlying post-
reproductive behavioral changes, we sequenced optic gland
transcriptomes of the California two-spot octopus, Octopus
bimaculoides Pickford & McConnaughey 1949. Octopus
bimaculoides lives off the coast of southern California and northern
Mexico. We could observe normal maternal behaviors of this species
in a laboratory setting. These behavioral findings guided our optic
gland RNA sequencing and interpretation of bioinformatics results.

MATERIALS AND METHODS

Animals and animal facilities

Wild-caught mated and non-mated female California two-spot
octopuses (0. bimaculoides) were purchased from Aquatic
Research Consultants (Catalina Island, CA, USA) and shipped
overnight to Chicago, IL, USA.

All work was performed in compliance with the EU Directive
2010/63/EU guidelines on cephalopod use and the University of
Chicago Animal Care and Use Committee (Fiorito et al., 2014,
2015; Lopes et al., 2017). Mated females were kept in their home
dens with clutches as much as possible. Clutches were sparingly
separated from females for other experiments. Animals were
individually housed in artificial seawater (Tropic Marin) in 20- or
50-gallon aquaria, and offered a daily diet of live fiddler crabs (Uca
pugnax, Northeast Brine Shrimp, Oak Hill, FL, USA), cherrystone
clam meat and grass shrimp. Water temperature was maintained
between 17 and 21°C and ambient room temperature at 21-23°C.
Animal rooms were kept on a 12 h:12 h light:dark cycle.

Behavioral categorization

Upon arrival at our animal facilities, we examined octopuses for
signs of senescence, such as pre-existing skin lesions and missing
arm tips. We excluded these individuals, which included females
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with clutches, from further study. Clutches from the animals ranged
in developmental stage from gastrulation to Stage 11 (Naef, 1928),
suggesting there is great variation between egg incubation stage and
maternal behavioral state.

Octopuses were kept undisturbed for 4 days so they could
habituate to our aquarium setup and recover from the distress of
flying. On the fourth day, we began offering live prey items. Each
day, females had four live fiddler crabs available to them. Animals
were observed twice daily (morning and afternoon) and recorded
overnight with a Sony Handycam FDR-AX100 to characterize their
behaviors. We observed 20 animals without clutches (non-mated)
for at least 4 days before euthanizing and sexing them (see below).
Eleven of 20 non-mated animals were males and were excluded
from the study. In addition, we longitudinally observed 16 brooding
females and categorized them into behavioral stages based on the
traits detailed in the Results and summarized in Table 1.

Tissue collection

Octopuses were submerged in 5—10% ethanol/seawater for at least
20 min to achieve deep anesthesia, then decerebrated (mantle and
arms removed from the head) (Butler-Struben et al., 2018; Gleadall,
2013). The head was dissected on ice in diethyl pyrocarbonate-
treated phosphate buffered solution (DEPC-PBS). Optic glands
were accessed between the eyes, harvested, flash-frozen in Trizol
(Invitrogen) and stored at —76°C until RNA extraction. Because
sexual dimorphism is difficult to observe in our species, animals
were definitively sexed after tissue harvest. Only females with
mature ovaries, ovarian follicles and no evidence of fertilized eggs
were considered non-mated females.

We also harvested arm tissue from the same cohort of animals.
Transverse arm slices corresponding to the 10th row of suckers
distal from the mouth on the second arms on the right and left sides
were cut into quadrants to facilitate tissue homogenization. Each
arm piece was separately flash-frozen in Trizol and stored at —76°C
until RNA extraction.

RNA extraction and sequencing

Whole optic glands were homogenized with pellet pestles
(Fisherbrand) in microcentrifuge tubes. Arm sections were
homogenized in a Potter-Elvehjem tissue grinder (Kimble,
Rockwood, TN, USA). RNA was extracted using Trizol and

PhaseMaker Tubes (Life Technologies Corporation, Carlsbad, CA,
USA) following the manufacturer’s instructions. RNA integrity
was checked with a Bioanalyzer 2100 (Agilent). Only samples
with clean cephalopod rRNA peaks and little to no evidence of
degradation were used. Tissue from the right arm was processed for
RNA extraction and sequencing. The left arm was used in two
samples of feeding females when RNA quality from the right arm
was poor.

Total RNA was polyA-selected and directionally sequenced at the
University of Chicago Genomics Facility on an Illumina HiSeq2500
machine, generating 100 bp directional paired-end reads with an
insert size of 300 bp.

De novo transcriptome assembly and differential gene
expression analyses
Following removal of adapters and low-quality sequences, reads
were assembled with the Trinity software platform (v2.4.0) (Haas
et al.,, 2013). Both individual and pooled transcriptomes were
created (Table 2). Gene and isoform expression levels were
estimated with RSEM (v1.2.31) (Li and Dewey, 2011) and
differential expression was analyzed with edgeR (v3.7) (Robinson
et al., 2009). Heatmaps were created in R with the heatmaps.2
function and colored with palettes from the RColorBrewer package.
In the optic gland transcriptomes, 1198 Trinity transcripts
showed at least a 4-fold change between any two of the
behavioral stages, at a P-value of 0.001. A branching diagram
illustrating the relationship between differentially expressed genes
was created based on Euclidean clustering (Fig. S1). The tree was
cut at a height of 0.3, which identified 25 subclusters. Twenty
genes from subclusters of interest (see below) were confirmed by
PCR amplification.

RESULTS

Adult life in the female O. bimaculoides can be divided into
four behavioral stages

Sexually mature female octopuses are known to be active predators
(Hanlon and Messenger, 2018). We confirmed this behavior in non-
mated females in the laboratory: these animals spent time outside of
the den (Fig. 1A) and primarily hunted through a visually directed
jet-propelled ‘pounce’ (Fig. 1B; Movie 1) (Wells, 1978). The
female watched the prey out of one eye, then bobbed her head up

Table 1. Octopus bimaculoides female reproductive life is characterized by four stages of behavior

Stage Traits

Non-mated Actively hunts and consumes live prey: on average 1.31+0.76 crabs per day, sometimes skipping 1-2 days between meals
Mature ovary and ovarian follicles
No evidence of fertilized or developing eggs

Feeding Consumes, but does not pursue, live prey: on average 1.17+0.70 crabs per day, sometimes skipping 1-2 days between meals
Actively broods clutch of eggs by blowing water over them with funnel and cleaning them with suckers
Extremely den-bound, exhibiting reluctance to leave the den, even for brief periods of time

Fasting Abstains from capturing live prey or consuming any food for four consecutive days and never resumes feeding again
Ongoing brooding
Ongoing den-bound tendencies

Decline Ongoing fasting

Exhibits at least two of the following signs of physical deterioration:
« skin lesions on the mantle, arm webbing or head

« missing arm tips or suckers

« degradation of the vestibulo-ocular reflex

« retraction of skin around the eyes
« extended bouts of self-grooming

Spends considerable time roaming outside of the den

Ends with death of female outside of the den
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Table 2. Octopus bimaculoides optic gland transcriptome assembly summary

No. of libraries Total Trinity Total Trinity Average contig Total assembled

Transcriptome prepared ‘genes’ transcripts N10 (bp) N50 (bp) length (bp) bases (bp)

Unmated female optic gland 3 267,380 314,115 4012 882 604.80 189,975,279
Feeding mother optic gland 3 290,774 344,673 4078 909 616.68 212,552,829
Fasting mother optic gland 3 254,893 301,599 4011 938 627.42 189,228,407
Decline mother optic gland 2 217,478 261,725 4554 1165 688.47 180,189,329
Combined optic gland - 598,083 706,186 3897 767 574.65 405,807,628
Unmated female arm 3 120,017 189,097 5771 1781 904.15 170,971,875
Feeding mother arm 3 296,853 406,986 5196 1165 676.91 275,491,458
Fasting mother arm 3 183,259 278,194 5683 1621 823.35 229,050,350
Decline mother arm 2 153,752 233,040 5514 1650 841.44 196,090,319
Combined arm - 493,537 686,453 4485 959 639.22 438,793,048

Whole optic glands and transverse arm sections were harvested (see Materials and Methods). Separate libraries were prepared for each sample, and reads were
later concatenated for transcriptome assembly. Statistics are based on transcript contigs. Total Trinity ‘genes’ refers to the number of transcript clusters generated
by the assembly (isogroups), while total Trinity transcripts indicates the number of isoforms (isotigs). The Nx length statistic indicates that at least x% of the

assembled transcript bases are found on contigs that are of at least Nx length; for example, atleast 10% of the assembled bases in the unmated female optic gland

transcriptome are found on transcript contigs that are at least 4012 bp long.

and down, likely acquiring depth information. Even while moving
her head, her pupil was kept perpendicular to gravity (Fig. 1A).
Following a swift pounce, prey was captured in the interbrachial
web (Fig. 1B,C). Non-mated females consumed 1.314+0.76
(meants.d.) crabs a day, sometimes skipping a day between meals.

Mated females in the first stage of brooding actively tended their
clutch by guarding their den, stroking eggs with their suckers, and
blowing water over the eggs with their funnel (Hanlon and
Messenger, 2018; Wells, 1978). In the laboratory, feeding mated
females consumed 1.17+0.70 crabs per day, with fewer than 3 days
without a meal. Feeding females, however, rarely left their egg
clutches. Instead of capturing prey by stalking and pouncing,
feeding females peered out of their dens with one eye and grabbed
prey as they moved past the mouth of the den (Fig. 2A,B; Movie 1).
The presence of empty crab carapaces provided confirmation that
feeding females consumed food, rather than merely capturing and
killing prey, which has been reported in other species (Van
Heukelem, 1973). On average, mothers fed for 8+£2.71 days before
starting to fast.

Females in the second stage of brooding continued to care for
eggs but abstained from feeding, even though live prey items were
available at all times (Fig. 2C; Movie 1). Females who stopped
feeding for four consecutive days were never observed to feed again,
and we grouped these animals into the fasting stage.

After 11£8.49 days, fasting mothers began a rapid decline.
Behavioral signs of decline, some of which have not been
described previously, were observed before physiological signs
(Fig. 3A): females left their clutches and spent time outside of the
den, languidly sitting on the bottom of the tank or persistently
slamming into the corners of the tank (Movie 1). The latter action
led to the rapid formation of deep avulsions on the mantle or arms
that did not heal (Fig. 3B,C). Females also engaged in excessive
self-grooming behaviors. Normally, octopuses run their first pair
of arms over their mantles and head to remove ectoparasites and
debris (Mather and Alupay, 2016). Decline mothers moved all of
their arms to groom, but often arms would only pass over other
arms, creating a turbulent mass of entangled limbs (Fig. 3A). In a
few cases, this over-grooming behavior was directly followed
by self-cannibalization of the arm tips or suckers (Fig. 3B,C;
Movie 1). Physiological features of females in decline included
a retraction of the skin around the eyes, general paling of skin
color, and loss of motor tone (Anderson et al., 2002). In addition,
the pupils gradually lost their horizontal orientation with respect
to gravity, raising the possibility that the central systems
responsible for the vestibulo-ocular reflex deteriorate during
this stage.

These behavioral changes extend well beyond those seen in
starving octopuses: in a laboratory setting, Octopus vulgaris
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Fig. 1. Non-mated, sexually mature Octopus bimaculoides females are active predators that hunt live prey. (A) Females in this stage spend time
outside of their home den. (B) Non-mated females use visual direction to strike prey with a ‘pounce’, viewed here from the front. (C) The webbing between the arms
is spread wide to capture prey. Several fiddler crabs may be restrained under the interbrachial web at one time.
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Fig. 2. Brooding O. bimaculoides females feed and then fast. (A) In the first stage of brooding, females actively tend to their eggs and feed. The pupils of
feeding females remain perpendicular to gravity. (B) Feeding females capture and kill live prey, but only without leaving the home den. White arrowhead
indicates the legs of a captured fiddler crab extending from beneath the arms. (C) Fasting females continue tending to their clutch but abstain from feeding even

when live prey (red arrowhead) are within reach.

females can survive over 38 days of fasting, and individuals who
have lost substantial body mass remain alert and active (Wells and
Wells, 1975). In our study, all mated females progressed from
feeding to fasting to decline before dying: that is, mated females did
not transition from feeding directly to decline without fasting, and
females did not die without showing indications of decline. This
progression is reminiscent of what has been reported in male
octopuses in captivity, although in males, the relationship between
these behavioral changes and reproductive state is less clear
(Anderson et al., 2002). Our observations suggest that after
mating, female octopuses undergo a series of near-requisite
behavioral transitions before death.

Transcriptomes of brooding females implicate many
signaling systems in optic gland function

We assembled transcriptomes of left and right optic glands
harvested from multiple individuals in each of the four stages
(Table 2). Our assembled transcriptomes showed that the optic
glands from non-mated animals were the most different from the
other optic gland samples (Fig. S2). After estimating transcript

abundance with RSEM, we identified 1198 differentially expressed
transcripts with edgeR and grouped them into 25 subclusters
(Fig. S1). Wodinsky’s work suggested that optic gland signaling
changes steadily over time until reaching a threshold that triggers
fasting and later death (Wodinsky, 1977). In selecting subclusters
for further study, we were guided by two criteria. We excluded 12
subclusters that showed a departure from monotonicity, for
example, when expression peaked in only the feeding or fasting
stages (Fig. S3). Another five subclusters demonstrated the most
marked transcript enrichment or impoverishment at the decline
stage, the last stage of brooding before death (Fig. S4). Because of
sample scarcity (only two RNA-sequencing samples in decline
stage and a limited ability to pursue follow-up studies), we did not
explore these subclusters further. Five additional clusters showed
monotonic changes and were studied with BLASTP as described
below (Fig. S5). No candidate signaling molecules were identified
in these five clusters. In total, we excluded 855 genes in 22
subclusters from further analyses.

We focused on the 343 remaining genes in three subclusters.
Among these subclusters (Fig. 4), we saw dramatic transitions

Fig. 3. Octopus bimaculoides females in decline continue fasting and undergo rapid senescence. (A) Behavioral signs of decline include spending time
outside of the home den and recruiting all the arms for use in bouts of aberrant, grooming-like behavior. Females also show physiological signs of decline, such
as an apparent loss of muscle tone and unhealed wounds. (B) Female with a patch of missing skin at the distal end of her mantle (white arrowhead).

(C) Female with several rows of missing suckers and a missing arm tip (black arrowheads), presumably from self-cannibalization.
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Fig. 4. Cohorts of genes are differentially expressed across behavioral stages in O. bimaculoides. Green and purple subclusters identify genes that
increased in abundance as the maternal stages progressed (A and B, respectively), while the blue subcluster illustrates genes that decreased in the non-mated

to mated transition (C).

in differential gene abundance across behavioral stages. Two
subclusters showed increases in expression over time (Fig. 4A,B),
while the third showed a drop in expression at the non-mated female
to feeding mated female transition (Fig. 4C).

We used BLASTN, BLASTP and PFAM (Altschup et al., 1990;
Finn et al., 2016) to identify transcripts (Fig. 5). In all clusters

A Non-

mated Feed Fast Decline

Synaptotagmin 12
Synaptotagmin 15b

Clathrin

Huntingtin-interacting
protein

Coronin

Neuronal acetylcholine
receptor, subunit a

Octopamine receptor
Neuropeptide S receptor

Calpain

Signal transducer and
activator of transcription

TGF B-induced protein ig-h3

examined, there were many housekeeping genes, such as actin and
collagen. We also found predicted proteins with no homology to genes
of other species in available databases (downloaded 28 October 2015).
These uncharacterized genes may represent octopus- or cephalopod-
specific proteins. All three clusters did, however, contain a number of
transcripts of particular relevance to optic gland biology.

Cc

Daf36/

cholesterol 7-desaturase
3B-Hydroxysteroid
dehydrogenase

Sulfotransferase 1C2

CYP27A/
sterol 26-hydroxylase

D

Synaptotagmin 12

Tribbles homolog 1

ImpL2

E

Feeding circuit
activating peptide

Allatostatin

FMRFamide neuropeptide

PRQFVamide neuropeptide

Lipocalin

Dopamine B-hydroxylase

Carboxypeptidase

Fig. 5. Expression profiles of differentially expressed genes important to optic gland signaling. Genes related to regulated exocytosis (A),
neurotransmission (B) and steroid biosynthesis (C) are enriched in all mated transcriptomes. Transcriptomes of fasting animals show enrichment of an

insulin growth factor binding protein (D), among others. Neuropeptides and dopamine beta-hydroxylase are enriched in the optic glands of non-mated
females only (E). Heatmap colors correspond to cluster colors depicted in Fig. 4. Columns are organized as designated at the top of A. Color key values refer to
row z-scores (the number of standard deviations away from the population mean an individual raw value is).
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Genes that increase in abundance after mating and remain elevated
through the maternal stages

Although the optic gland is regarded as a neuroendocrine organ,
its mechanisms of secretory release are unknown. We found
transcripts implicated in neural signaling that increased in
abundance after mating and remained elevated through all
brooding stages (Figs 4A, 5A, green cluster): synaptotagmin 12,
synaptotagmin 15b and clathrin. Huntingtin-interacting protein
(HIPI) and coronin showed a similar expression profile. Although
not included in classical models of synaptic transmission, proteins
encoded by these two transcripts have in recent years been found to
be important for aspects of neuronal signaling (Borlido et al., 2009;
Suo et al., 2014). We also saw increases in selected neurotransmitter
receptors (Fig. 5B), including an alpha subunit of a nicotinic
acetylcholine receptor, and G-coupled protein receptors similar to
octopamine and neuropeptide S receptors in other species. Finally,
enzymes implicated in steroid biogenesis were present in this
subcluster (Fig. 5C). These results suggest that the optic gland is a
site of active signaling during the maternal period, and that the
nature of this signaling is different from that of unmated female
optic glands.

Genes that increase with the transition from feeding to fasting

In this subcluster, we found that /mpL2, which encodes an insulin-like
growth factor binding protein (IGFBP), is enriched in the optic glands
of fasting and decline animals (Figs 4B, 5D, purple cluster). This
transcript is joined in expression dynamics by two others, tribbles
homolog 1 (TRB1) and an additional isoform of synaptotagmin.

Genes that decrease with the transition from unmated to mated

As in the other subclusters, we found genes encoding proteins
involved in cell signaling (Figs 4C, 5E, blue cluster), such as
lipocalin and dopamine beta-hydroxylase. Particularly notable in
this subcluster are the feeding circuit-related neuropeptides and a
carboxypeptidase (Fig. 5E).

Are molecular changes of the optic glands a reflection of
global changes in gene expression?

The abundance of genes encoding neuropeptides in the non-mated
optic gland and their subsequent depletion in mated females
motivated us to investigate whether molecular changes in the optic
gland were mirrored in other tissues of the body. Many of these
tissues were sampled in the arm transcriptomes, including axial
nerve cords, suckers, muscles, chromatophores and skin. Using
BLASTP and TBLASTN, we baited the arm transcriptomes from all
behavioral stages with the genes that were significantly enriched in
non-mated optic glands (blue cluster, Figs 4C, SE). We were unable
to recover any of these optic gland neuropeptides in the arm
transcriptomes.

DISCUSSION
With their large central nervous systems and wide range of
behaviors, coleoid cephalopods have long fascinated

neuroscientists. Pioneering work from Wodinsky (1977) and
Wells and Wells (1975) established that the octopus reproductive
axis is similar to that of the vertebrate hypothalamic—pituitary—
gonadal axis. The optic gland, analogous to the pituitary gland, is
the fulcrum of the octopus reproductive axis; it is responsible for
innate reproductive behaviors and post-reproductive death. In this
study, we confirmed that maternal behaviors can be observed in the
laboratory, including, most importantly, a period of feeding while
brooding that precedes the fasting that typically defines the maternal

period in octopuses (Movie 1) (Hanlon and Messenger, 2018;
Rocha et al., 2001).

Our transcriptomic analyses reveal a molecular portrait of the
optic glands at the distinct behavioral stages of adult female octopus
life. In particular, we found that reproduction and the onset of
fasting trigger major transcriptional activation in the optic glands.
Most importantly, multiple signaling systems of the optic
glands, including catecholaminergic, peptidergic and steroidogenic
pathways, are implicated in these behaviors.

Optic gland signaling systems

Feeding peptides

Circulating neuropeptides have been extensively studied in
molluscan feeding and reproductive systems (Grimmelikhuijzen
and Hauser, 2012; Jékely, 2013). Neuropeptides can influence
feeding behaviors through control of motor circuits or modulation of
arousal or satiation (Bechtold and Luckman, 2007). Strikingly, we
found octopus homologs of these neuropeptides enriched in the
optic glands of non-mated females as compared with those of
brooding females: feeding circuit activating peptide (FCAP),
allatostatin, FMRFamide and PRQFVamide. The latter three
peptides have been shown to inhibit feeding behaviors in a
diverse range of animals. In Aplysia, FMRFamide and its related
neuropeptides inhibit closure of the radula muscle during feeding
(Sossin et al., 1987), and in mice, FMRFamide reduces feeding in
food-deprived individuals (Kavaliers et al., 1985). PRQFVamide
decreases the excitability of specific neurons in the buccal ganglion
feeding central pattern generator and has an overall inhibitory effect
on feeding (Furukawa et al., 2003). Allatostatin inhibits feeding
in Drosophila by mediating the balance between adipokinetic
hormone and insulin-like peptides (Hentze et al., 2015). FCAP, in
contrast, initiates rhythmic feeding motor programs and may be
responsible for food-induced arousal (Sweedler et al., 2002).

These data suggest that signaling from an ensemble of
neuropeptides tightly controls the feeding behaviors of non-mated
animals. In many animals, mechanisms controlling feeding and
reproduction are tightly linked and enable metabolic shifts as the
individual transitions from growing and maturing to reproduction
and tending to young (O’Dor and Wells, 1978). Drosophila females,
for example, modify their feeding preferences to consume more
protein when they are about to lay eggs (Ribeiro and Dickson, 2010).
The reduction in feeding circuit-related neuropeptides at the
non-mated to mated transition strongly suggests that, in the
octopus, feeding and reproductive state also interact.

Although neuropeptide expression precipitously drops after
reproduction, mated animals continue to feed in the initial stage
of brooding. However, feeding behavior differed between mated
and non-mated animals: mated feeding octopuses captured crabs
that were within arm’s distance of their dens and did not pursue prey
outside their dens, as non-mated females regularly did. This
behavioral switch suggests that different feeding strategies are
optimal for non-mated and mated females: the feeding-related
peptides identified may regulate energy expenditure or the drive to
hunt for food. Our data also raise the possibility that redundant
peptidergic pathways, or additional non-peptidergic systems,
control feeding behaviors. These systems may be independent of
the optic gland.

These neuropeptides may also broadly participate in
neurotransmission well beyond feeding. If this is the case in the
octopus, peripheral tissues might also express these neuropeptides.
We checked whether these neuropeptides were present in the arm
transcriptomes, which included nervous tissue (axial nerve cord),
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muscle, skin, chromatophores and suckers. Expression changes of
these genes in the arms would suggest that global changes in
neuropeptide signaling accompany the maternal and senescence
process in general. However, all feeding-related neuropeptides in
the blue subcluster (Figs 4C, 5E) were missing from the arm
transcriptomes, suggesting that their expression is a specific feature
of the optic gland. These data are surprising because the optic
glands previously have not been implicated in feeding per se.
Future experiments will reveal whether these neuropeptides are
functionally conserved in octopuses.

Steroid biosynthesis

Steroids are one of the most evolutionarily ancient classes of
signaling molecules (Baker, 2011; Baker et al., 2015). Derived from
cholesterol, steroids include the sex hormones and corticosteroids.
We found that a collection of cholesterol-metabolizing enzymes
increased in expression in the first stage of brooding and remained
elevated throughout the maternal period. These included enzymes
known to synthesize steroid hormones in diverse animals, from
ecdysozoans to deuterostomes (Antebi, 2015). Dafachronic acid
in Caenorhabditis elegans, for example, regulates longevity and
dauer formation, and its biosynthesis relies on the sequestration
of cholesterol by daf36/cholesterol 7-desaturase (Yoshiyama-
Yanagawa et al., 2011). 3-Beta-hydroxysteroid dehydrogenase is
an oxidoreductase that catalyzes the formation of progesterone in
the adrenal gland and gonads of vertebrates (Aakvaag, 1970; Conley
and Bird, 1997). Sterol 27-hydroxylase (CYP27A) breaks down
cholesterol for both bile acid synthesis and hormone production
(Dubrac et al., 2004). Sulfotransferase 1C2 catalyzes the
conjugation of a sulfate group to steroid hormones (Foster and
Mueller, 2018).

Our study is the first to implicate the optic glands in the
production of progesterone and other steroid hormones. Cellular and
molecular mechanisms of steroid hormone signaling in octopuses
may be different from what has been described previously in the
vertebrate neuroendocrine systems. Substrate specificity of these
enzymes may differ between species (Antebi, 2015). Functional
characterization of these enzymes or identification of steroid
metabolites will be essential going forward. Moreover, steroid
signaling in molluscs may not be mediated through the nuclear
receptors orthologous to those identified in vertebrates (Thornton
et al., 2003). The O. vulgaris ortholog of the vertebrate estrogen
nuclear hormone receptor, for example, does not bind estrogen
(Keay et al., 2006). Our identification of the coordinate enrichment
of cholesterol-metabolizing enzymes in mated female octopuses
raises the exciting possibility that the optic glands produce a suite of
steroid-derived hormones that are specific to the reproductive adult
and may have novel cellular targets.

Insulin signaling

Our data reveal that expression of mpL?2 increased at the transition
from feeding to fasting (Figs 4B, 5D). IMPL2 is a homolog of
insulin-like growth factor binding protein (IGFBP) that has been
shown to reduce activity of the insulin/IGF signaling pathway in
Drosophila (Figueroa-Clarevega and Bilder, 2015; Honegger et al.,
2008). This pathway, which is present in many invertebrates,
controls biological processes such as glycogen metabolism and
organismal growth (Ahn et al., 2017; Veenstra, 2010). However,
functional characterization of these molecules in molluscs has
been limited (Gricourt et al., 2003; Hamano et al., 2005), and the
possible actions of the insulin/IGF signaling pathway in octopus
are unknown.

Under starvation conditions, elevated levels of IMPL2 and other
insulin growth factor binding proteins have been reported to
promote cell survival (Drosophila, Honegger et al., 2008; human
HEK 293 cells, Ord et al., 2015). Upregulation of ImpL?2 in fasting
octopuses may be a transcriptional response to nutrient deficiency.
The highest expression of /mpL2, however, is found in females in
decline (Fig. SD): in this terminal stage of brooding, females exhibit
behavioral and physiological changes that extend well beyond those
accompanying experimental starvation (Wells, 1978; Wells and
Wells, 1975). In Drosophila, ImpL2 can induce tissue wasting
independent of food intake: tumor-implanted flies show high levels
of ImpL2 and degradation of gonadal, muscle and adipose tissues
(Figueroa-Clarevega and Bilder, 2015; Kwon et al., 2015). These
similarities with physiological traits of females in decline lead us to
predict that this role of ImpL2 is functionally conserved between
octopuses and Drosophila.

The correlates of high ImpL2 in both Drosophila and octopus are
remarkably consistent with symptoms of cancer cachexia in
humans. Cachexia patients experience an involuntary loss of body
mass, undergo substantial degradation of muscle and fat, and report
a loss of appetite (Argilés et al., 2014). Medical interventions
focusing on increasing caloric intake fail to counteract wasting
(Fearon et al., 2012; Op den Kamp et al., 2009). Importantly,
clinical work in humans has shown that cachexia and other disease
conditions are associated with elevated levels of IGFBPs (Baxter,
2014; Huang et al., 2016; Shin et al., 2017).

Our results suggest that /mpL2 is intimately tied to feeding
behaviors in octopus and implicate the optic glands as a regulator of
insulin signaling. These data raise the possibility of a conservation
of function in insulin-signaling pathways with animals as distantly
related as humans and octopuses. More importantly, our study
is the first to implicate IGFBP enrichment in natural end-of-life

physiology.

Neurotransmitter biosynthesis and neurotransmission
The optic gland regulates sexual maturation and behavior by
hormone release, but cellular mechanisms of secretion are
unknown. We identified a number of genes implicated in
neurotransmission and regulated secretion that are enriched after
reproduction (Figs 4A, 5A). Clathrin, for example, facilitates the
formation of coated secretory vesicles, and synaptotagmins
contribute to the cellular complex that enables vesicle fusion for
regulated exocytosis (Brunger et al., 2018; Wu et al., 2014).
Specific isoforms of both are enriched in the optic glands at all
mated stages. Our finding mirrors existing data on the organization
of the vertebrate reproductive axis: synaptotagmins and other
proteins involved in classical neurotransmission are differentially
expressed in the anterior pituitary gland, where they are involved in
the release of a variety of signals (Jacobsson and Meister, 1996).
The enrichment of neurotransmitter receptors (Fig. 5B),
including an octopamine receptor, neuropeptide S receptor and a
subunit of a nicotinic acetylcholine receptor, suggests that the optic
gland also undergoes shifts in the signals it receives from the central
brain, from itself or from other secretory organs after reproduction.
Optic glands of non-mated animals showed elevated expression
of dopamine B-hydroxylase (DBH, Fig. 5E), which is involved in
the synthesis of catecholamine neurotransmitters. DBH has been
shown to catalyze the B-hydroxylation of dopamine to noradrenaline
in vertebrates and tyramine to octopamine in invertebrates
(Fernstrom and Fernstrom, 2007; Monastirioti, 1999). These small
molecules are used for signaling throughout nervous systems.
Candidate aminergic secretory vesicles have been found in the
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Fig. 6. Updated model of optic gland function in maternal behaviors and death. Arrows indicate behavioral groups (pink: feeds; yellow: abstains from

feeding). Signaling systems above arrows highlight enriched genes.

optic glands of Octopus bimaculatus, the sister species of
O. bimaculoides (Nishioka et al., 1970). Our results suggest
that the optic gland engages in endocrine catecholamine signaling
and that reproduction leads to the specific shutting down of
catecholamine pathways, as opposed to an overall decrease in optic
gland neurotransmission or cell signaling.

Octopus semelparity

Mechanisms of death differ among animal systems exhibiting
semelparity. In several vertebrate species, it is believed that the
metabolic cost of gamete production and finding a mate are so high
that death is inevitable (Fisher and Blomberg, 2011; Kindsvater
et al., 2016). Semelparity in octopuses cannot be explained by the
large metabolic output required to produce and deposit eggs:
glandectomized animals can reproduce again (Wodinsky, 1977).
Instead, it is likely that other evolutionary mechanisms drive
post-reproductive death. Coleoid cephalopods are cannibalistic:
hatchlings from the same clutch often eat each other, and females
sometimes kill males after reproduction (Hanlon and Messenger,
2018). Post-reproductive death is an undeniably effective method in
ensuring that the reproductive female does not consume her young.
Moreover, longitudinal studies of octopuses, and other molluscs,
demonstrate that individuals continue to undergo logarithmic
growth as adults: even adult octopuses can double their weight in
a month (Gricourt et al., 2003; Nixon, 1969; Van Heukelem, 1973;
Wells, 1978; Wells and Wells, 1970). Endless growth without death
could so skew octopus populations towards large, old adults that
hatchlings would be unlikely to compete successfully. Programmed
organismal death in coleoids may exist as a mechanism to safeguard
the survival of the next generation of these voracious predators.

In Pacific salmon, Oncorhynchus kisutch, steroid hormone
signaling has been implicated as the cause of death after
spawning. Elevated cortisol levels mediate programmed death
through tissue degeneration and impaired homeostatic ability
(Robertson and Wexler, 1960). Our data show that steroid
signaling is one of several pathways implicated in octopus post-
reproductive death. Although we do not see molecular evidence of
cortisol signaling per se in our data, the enrichment of cholesterol-
metabolizing enzymes in mated females suggests that steroid
metabolites are crucial to semelparity in octopuses. It will be
important to identify the steroids in the optic gland and assess the
contributions of steroid and IMPL2 signaling, along with the
reduction in feeding peptides and catecholamine signaling, in
cephalopod post-reproductive death.

Conclusions

Our transcriptome findings suggest that, far from secreting a single
hormone, the optic gland likely enlists multiple signaling systems to
regulate reproductive behaviors, including organismal senescence
(Fig. 6). Among these are neuropeptidergic systems and cholesterol-
derived hormone signaling. Our data raise the possibility that prior

to mating, optic gland signaling is dominated by neuropeptides and
catecholamines, whereas after mating, steroid hormone signaling
increases in importance.

Wells and Wells (1969) originally drew a connection between
the direct brain regulation of the octopus optic glands and the
vertebrate hypothalamic—pituitary—gonadal axis. Here, we identify a
difference between octopus and vertebrate systems: the endocrine
signaling of the anterior pituitary gland depends on peptide
hormones alone (Davis et al., 2013), whereas our data implicate
steroid and catecholamine pathways, in addition to peptide
signaling, in the functions of the optic gland. While steroid
hormones do affect the actions and feedback of the vertebrate
pituitary gland, steroidogenesis occurs in targets of the pituitary
gland only, such as the adrenal cortex, and not in the pituitary gland
itself (Handa and Weiser, 2014; Werbin and Chaikoff, 1961).
Similarly, biosynthesis of catecholamines, such as noradrenaline
and adrenaline, occurs in the adrenal medulla in response to
autonomic stimulation (Fujinaga et al., 1999).

If the optic gland encompasses functions of the anterior pituitary
gland and the adrenal glands, it prompts the question of what
glandular targets of the optic gland, if any, might exist. The oviducal
glands, which produce substances that cover the eggs, are
candidates. These glands, along with the gonads and oviducts,
were found to increase in size as the optic gland enlarges (Wells and
Wells, 1959, 1975). In vitro experiments demonstrated that oviducal
secretion is modulated by dopamine and neuropeptides, including
FMRFamide (Di Cristo and Di Cosmo, 2007). However, the
putative source of direct oviducal control is the fusiform ganglion,
not the optic glands. The fusiform ganglion is thought to innervate
the oviducal gland, the oviducts and the systemic heart (Young,
1971). Notably, the fusiform ganglion has been found to contain
FMRFamide-like immunoreactive nerve endings (Di Cristo et al.,
2003). The optic gland may exert indirect control over glandular
targets by signaling to peripheral ganglia, or act in parallel with
peripheral ganglia to regulate reproductive tissues directly.

Our study extends the optic gland—pituitary analogy and uncovers
similarities between the optic glands and the vertebrate adrenal
glands, demonstrating that the organization and function of the optic
glands may be even more pivotal for octopus organismal physiology
than previously appreciated.

Acknowledgements

We are extremely grateful to junior research assistants Emily Garcia, Olivia Harden,
Sofia Collins and Magdalena Glotzer for their contributions throughout the project.
We thank Dr Chuck Winkler and the team at Northeast Brine Shrimp for supplying us
with animals. We also acknowledge the University of Chicago Genomics Facility for
library preparation and sequencing, and Mike Jarsulic and the University of Chicago
Center for Research Informatics for indispensable expertise on programming and
data management. This research was conducted on the land of the Potawatomi,
Miami, Sauk and Fox peoples.

Competing interests
The authors declare no competing or financial interests.

)
(@)}
9
je
(2]
©
-+
c
Q
£
—
()
o
x
NN
Y
(©)
‘©
c
—
>
(®)
-_




RESEARCH ARTICLE

Journal of Experimental Biology (2018) 221, jeb185751. doi:10.1242/jeb.185751

Author contributions

Conceptualization: Z.Y.W., C.W.R.; Methodology: Z.Y.W., C.W.R.; Software: Z.Y.W.;
Validation: Z.Y.W., C.W.R.; Formal analysis: Z.Y.W.; Investigation: Z.Y.W.;
Resources: C.W.R.; Writing - original draft: Z.Y.W.; Writing - review & editing: Z.Y.W.,
C.W.R; Visualization: Z.Y.W.; Supervision: Z.Y.W., C.W.R.; Project administration:
Z.Y.W., C.W.R.; Funding acquisition: Z.Y.W., CW.R.

Funding

This work was funded by the National Science Foundation (I0S-1354898 to C.W.R.,
DGE-0903637 to Z.Y.W.) and the Erma Smith Endowment. The University of
Chicago Genomics Facility is supported by the National Institutes of Health

(UL1 TR0O00430). Deposited in PMC for release after 12 months.

Supplementary information
Supplementary information available online at
http:/jeb.biologists.org/lookup/doi/10.1242/jeb.185751.supplemental

References

Aakvaag, A. (1970). Steroid formation in porcine ovarian tissue in vitro. Acta
Endocrinol. 65, 261-272.

Ahn, S.-J., Martin, R., Rao, S. and Choi, M.-Y. (2017). Neuropeptides predicted
from the transcriptome analysis of the gray garden slug Deroceras reticulatum.
Peptides 93, 51-65.

Altschup, S.F., Gish, W., Miller, W., Myers, E. W. and Lipman, D. J. (1990). Basic
local alignment search tool. J. Mol. Biol. 215, 403-410.

Anderson, R. C., Wood, J. B. and Byrne, R. A. (2002). Octopus senescence: the
beginning of the end. J. Appl. Anim. Welf. Sci. 5, 275-283.

Antebi, A. (2015). Nuclear receptor signal transduction in C. elegans. WormBook
1-49.

Argilés, J. M., Busquets, S., Stemmler, B. and Lopez-Soriano, F. J. (2014).
Cancer cachexia: understanding the molecular basis. Nat. Rev. Cancer 14,
754-762.

Baker, M. E. (2011). Origin and diversification of steroids: Co-evolution of enzymes
and nuclear receptors. Mol. Cell. Endocrinol. 334, 14-20.

Baker, M. E., Nelson, D. R. and Studer, R. A. (2015). Origin of the response to
adrenal and sex steroids: Roles of promiscuity and co-evolution of enzymes and
steroid receptors. J. Steroid Biochem. Mol. Biol. 151, 12-24.

Baxter, R. C. (2014). IGF binding proteins in cancer: mechanistic and clinical
insights. Nat. Rev. Cancer 14, 329-341.

Bechtold, D. A. and Luckman, S. M. (2007). The role of RFamide peptides in
feeding. J. Endocrinol. 192, 3-15.

Borlido, J., Zecchini, V. and Mills, I. G. (2009). Nuclear trafficking and functions of
endocytic proteins implicated in oncogenesis. Traffic 10, 1209-1220.

Brunger, A. T., Choi, U. B,, Lai, Y., Leitz, J. and Zhou, Q. (2018). Molecular
mechanisms of fast neurotransmitter release. Annu. Rev. Biophys. 47, 469-497.

Butler-Struben, H. M., Brophy, S. M., Johnson, N. A. and Crook, R. J. (2018).
In vivo recording of neural and behavioral correlates of anesthesia induction,
reversal, and euthanasia in cephalopod molluscs. Front. Physiol. 9, 97-18.

Conley, A. J. and Bird, I. M. (1997). The role of cytochrome P450 17 alpha-
hydroxylase and 3 beta-hydroxysteroid dehydrogenase in the integration of
gonadal and adrenal steroidogenesis via the delta 5 and delta 4 pathways of
steroidogenesis in mammals. Biol. Reprod. 789-799.

Davis, S. W., Ellsworth, B. S., Millan, M. I. P, Gergics, P., Schade, V., Foyouzi,
N., Brinkmeier, M. L., Mortensen, A. H. and Camper, S. A. (2013). Pituitary
Gland Development and Disease: From Stem Cell to Hormone Production, 1st
edn. Elsevier Inc.

Di Cristo, C. and Di Cosmo, A. (2007). Neuropeptidergic control of Octopus
oviducal gland. Peptides 28, 163-168.

Di Cristo, C., Bovi, P. D. and Di Cosmo, A. (2003). Role of FMRFamide in the
reproduction of Octopus vulgaris: molecular analysis and effect on visual input.
Peptides 24, 1525-1532.

Dubrac, S., Lear, S. R., Ananthanarayanan, M., Balasubramaniyan, N.,
Bollineni, J., Shefer, S., Hyogo, H., Cohen, D. E., Blanche, P. J., Krauss,
R. M. et al. (2004). Role of CYP27A in cholesterol and bile acid metabolism.
J. Lipid Res. 46, 76-85.

Fearon, K., Arends, J. Baracos, V. (2012). Understanding the mechanisms and
treatment options in cancer cachexia. Nat. Rev. Clin. Oncol. 10, 80-89.

Fernstrom, J. D. and Fernstrom, M. H. (2007). Tyrosine, phenylalanine, and
catecholamine synthesis and function in the brain. J. Nutr. 137, 1539S-1547S-
discussion 1548S.

Figueroa-Clarevega, A. and Bilder, D. (2015). Malignant Drosophila tumors
interrupt insulin signaling to induce cachexia-like wasting. Dev. Cell 33, 47-55.
Finn, R. D., Coggill, P., Eberhardt, R. Y., Eddy, S. R., Mistry, J., Mitchell, A. L.,
Potter, S. C., Punta, M., Qureshi, M., Sangrador-Vegas, A. et al. (2016). The
Pfam protein families database: towards a more sustainable future. Nucleic Acids

Res. 44, D279-D285.

Fiorito, G., Affuso, A., Anderson, D. B., Basil, J., Bonnaud, L., Botta, G., Cole,
A., D’Angelo, L., de Girolamo, P., Dennison, N. et al. (2014). Cephalopods in
neuroscience: regulations, research and the 3Rs. Invert. Neurosci. 14, 13-36.

Fiorito, G., Affuso, A., Basil, J., Cole, A., de Girolamo, P., D’Angelo, L., Dickel,
L., Gestal, C., Grasso, F., Kuba, M. et al. (2015). Guidelines for the care and
welfare of cephalopods in research — a consensus based on an initiative by
CephRes, FELASA and the Boyd Group. Lab. Anim. 49, 1-90.

Fisher, D. O. and Blomberg, S. P. (2011). Costs of reproduction and terminal
investment by females in a semelparous marsupial. PLoS ONE 6, e15226.

Foster, P. A. and Mueller, J. W. (2018). SULFATION PATHWAYS: insights into
steroid sulfation and desulfation pathways. J Mol. Endocrinol. 61, T271-T283.

Fujinaga, M., Chen, J. J. and Scott, J. C. (1999). Characterization of the rat adrenal
medulla cultured in vitro. In Vitro Cell. Dev. Biol. -Animal 35, 33-42.

Furukawa, Y., Nakamaru, K., Sasaki, K., Fujisawa, Y., Minakata, H., Ohta, S.,
Morishita, F., Matsushima, O., Li, L., Alexeeva, V. et al. (2003). PRQF Vamide, a
novel pentapeptide identified from the CNS and gut of Aplysia. J. Neurophysiol.
89, 3114-3127.

Gleadall, I. G. (2013). The effects of prospective anaesthetic substances on
cephalopods: summary of original data and a brief review of studies over the last
two decades. J. Exp. Mar. Biol. Ecol. 447, 23-30.

Gricourt, L., Bonnec, G., Boujard, D., Mathieu, M. and Kellner, K. (2003). Insulin-
like system and growth regulation in the Pacific oyster Crassostrea gigas: hrIGF-1
effect on protein synthesis of mantle edge cells and expression of an homologous
insulin receptor-related receptor. Gen. Comp. Endocrinol. 134, 44-56.

Grimmelikhuijzen, C. J. P. and Hauser, F. (2012). Mini-review: The evolution of
neuropeptide signaling. Regul. Pept. 177, S6-S9.

Haas, B. J., Papanicolaou, A., Yassour, M., Grabherr, M., Blood, P. D., Bowden,
J., Couger, M. B., Eccles, D., Li, B., Lieber, M. et al. (2013). De novo transcript
sequence reconstruction from RNA-seq using the Trinity platform for reference
generation and analysis. Nat. Protoc. 8, 1494-1512.

Hamano, K., Awaji, M. and Usuki, H. (2005). cDNA structure of an insulin-related
peptide in the Pacific oyster and seasonal changes in the gene expression.
J. Endocrinol. 187, 55-67.

Handa, R. J. and Weiser, M. J. (2014). Gonadal steroid hormones and the
hypothalamo—pituitary—adrenal axis. Front. Neuroendocrinol. 35, 197-220.

Hanlon, R. T. and Messenger, J. B. (2018). Cephalopod Behaviour, 2nd edn.
Cambridge University Press.

Hentze, J. L., Carlsson, M. A., Kondo, S., Nassel, D. R. and Rewitz, K. F. (2015).
The neuropeptide allatostatin a regulates metabolism and feeding decisions in
drosophila. Sci. Rep. 5, 11680.

Honegger, B., Galic, M., Kohler, K., Wittwer, F., Brogiolo, W., Hafen, E. and
Stocker, H. (2008). Imp-L2, a putative homolog of vertebrate IGF-binding protein
7, counteracts insulin signaling in Drosophila and is essential for starvation
resistance. J. Biol. 7, 10.

Huang, X.-Y., Huang, Z.-L., Yang, J.-H., Xu, Y.-H., Sun, J.-S., Zheng, Q., Wei, C.,
Song, W. and Yuan, Z. (2016). Pancreatic cancer cell-derived IGFBP-3
contributes to muscle wasting. J. Exp. Clin. Cancer Res. 35, 46.

Jacobsson, G. and Meister, B. (1996). Molecular components of the exocytotic
machinery in the rat pituitary gland. Endocrinology 137, 5344-5356.

Jékely, G. (2013). Global view of the evolution and diversity of metazoan
neuropeptide signaling. Proc. Natl. Acad. Sci. USA 110, 8702-8707.

Kavaliers, M., Hirst, M. and Mathers, A. (1985). Inhibitory influences of
FMRFamide on morphine- and deprivation-induced feeding. Neuroendocrinology
40, 533-535.

Keay, J., Bridgham, J. T. and Thornton, J. W. (2006). The Octopus vulgaris
estrogen receptor is a constitutive transcriptional activator: evolutionary and
functional implications. Endocrinology 147, 3861-3869.

Kindsvater, H. K., Braun, D. C., Otto, S. P. and Reynolds, J. D. (2016). Costs of
reproduction can explain the correlated evolution of semelparity and egg size:
theory and a test with salmon. Ecol. Lett. 19, 687-696.

Kwon, Y., Song, W., Droujinine, I. A., Hu, Y., Asara, J. M. and Perrimon, N.
(2015). Systemic organ wasting induced by localized expression of the secreted
insulin/IGF antagonist ImpL2. Dev. Cell 33, 36-46.

Li, B. and Dewey, C. N. (2011). RSEM: accurate transcript quantification
from RNA-Seq data with or without a reference genome. BMC Bioinformatics
12, 323.

Lopes, V. M., Sampaio, E., Roumbedakis, K., Tanaka, N. K., Carulla, L.,
Gambus, G., Woo, T., Martins, C. P. P., Penicaud, V., Gibbings, C. et al. (2017).
Cephalopod biology and care, a COST FA1301 (CephsInAction) training school:
anaesthesia and scientific procedures. Invert. Neurosci. 17, 8.

Mather, J. A. and Alupay, J. S. (2016). An ethogram for benthic octopods
(Cephalopoda: Octopodidae). J. Comp. Psych. 130, 109-127.

Monastirioti, M. (1999). Biogenic amine systems in the fruit fly Drosophila
melanogaster. Microsc. Res. Tech. 45, 106-121.

Naef, A. (1928). Die cephalopoden (embryologie). In Fauna und Flora des Golfes
von Neapel, pp. 1-357A.

Nishioka, R. S., Bern, H. A. and Golding, D. W. (1970). Innervation of the
cephalopod optic gland. In Aspects of Neuroendocrinology (ed. W. Bargmann and
B. Scharrer), pp. 47-54. Springer.

Nixon, M. (1969). The lifespan of Octopus vulgaris Lamark. Proc. Malac. Soc. Lond.
36, 529-540.

O’Dor, R. K. and Wells, M. J. (1978). Reproduction versus somatic growth:
hormonal control in Octopus vulgaris. J. Exp. Biol. 77, 15-31.

)
(@)}
9
je
(2]
©
-+
c
Q
£
—
()
o
x
NN
Y
(©)
‘©
c
—
>
(®)
-_



http://jeb.biologists.org/lookup/doi/10.1242/jeb.185751.supplemental
http://jeb.biologists.org/lookup/doi/10.1242/jeb.185751.supplemental
http://dx.doi.org/10.1016/j.peptides.2017.05.005
http://dx.doi.org/10.1016/j.peptides.2017.05.005
http://dx.doi.org/10.1016/j.peptides.2017.05.005
http://dx.doi.org/10.1016/S0022-2836(05)80360-2
http://dx.doi.org/10.1016/S0022-2836(05)80360-2
http://dx.doi.org/10.1207/S15327604JAWS0504_02
http://dx.doi.org/10.1207/S15327604JAWS0504_02
http://dx.doi.org/10.1895/wormbook.1.64.2
http://dx.doi.org/10.1895/wormbook.1.64.2
http://dx.doi.org/10.1038/nrc3829
http://dx.doi.org/10.1038/nrc3829
http://dx.doi.org/10.1038/nrc3829
http://dx.doi.org/10.1016/j.mce.2010.07.013
http://dx.doi.org/10.1016/j.mce.2010.07.013
http://dx.doi.org/10.1016/j.jsbmb.2014.10.020
http://dx.doi.org/10.1016/j.jsbmb.2014.10.020
http://dx.doi.org/10.1016/j.jsbmb.2014.10.020
http://dx.doi.org/10.1038/nrc3720
http://dx.doi.org/10.1038/nrc3720
http://dx.doi.org/10.1677/JOE-06-0069
http://dx.doi.org/10.1677/JOE-06-0069
http://dx.doi.org/10.1111/j.1600-0854.2009.00922.x
http://dx.doi.org/10.1111/j.1600-0854.2009.00922.x
http://dx.doi.org/10.1146/annurev-biophys-070816-034117
http://dx.doi.org/10.1146/annurev-biophys-070816-034117
http://dx.doi.org/10.3389/fphys.2018.00109
http://dx.doi.org/10.3389/fphys.2018.00109
http://dx.doi.org/10.3389/fphys.2018.00109
http://dx.doi.org/10.1016/j.peptides.2006.09.016
http://dx.doi.org/10.1016/j.peptides.2006.09.016
http://dx.doi.org/10.1016/j.peptides.2003.07.018
http://dx.doi.org/10.1016/j.peptides.2003.07.018
http://dx.doi.org/10.1016/j.peptides.2003.07.018
http://dx.doi.org/10.1194/jlr.M400219-JLR200
http://dx.doi.org/10.1194/jlr.M400219-JLR200
http://dx.doi.org/10.1194/jlr.M400219-JLR200
http://dx.doi.org/10.1194/jlr.M400219-JLR200
http://dx.doi.org/10.1038/nrclinonc.2012.209
http://dx.doi.org/10.1038/nrclinonc.2012.209
http://dx.doi.org/10.1093/jn/137.6.1539S
http://dx.doi.org/10.1093/jn/137.6.1539S
http://dx.doi.org/10.1093/jn/137.6.1539S
http://dx.doi.org/10.1016/j.devcel.2015.03.001
http://dx.doi.org/10.1016/j.devcel.2015.03.001
http://dx.doi.org/10.1093/nar/gkv1344
http://dx.doi.org/10.1093/nar/gkv1344
http://dx.doi.org/10.1093/nar/gkv1344
http://dx.doi.org/10.1093/nar/gkv1344
http://dx.doi.org/10.1007/s10158-013-0165-x
http://dx.doi.org/10.1007/s10158-013-0165-x
http://dx.doi.org/10.1007/s10158-013-0165-x
http://dx.doi.org/10.1177/0023677215580006
http://dx.doi.org/10.1177/0023677215580006
http://dx.doi.org/10.1177/0023677215580006
http://dx.doi.org/10.1177/0023677215580006
http://dx.doi.org/10.1371/journal.pone.0015226
http://dx.doi.org/10.1371/journal.pone.0015226
http://dx.doi.org/10.1530/JME-18-0086
http://dx.doi.org/10.1530/JME-18-0086
http://dx.doi.org/10.1007/s11626-999-0041-5
http://dx.doi.org/10.1007/s11626-999-0041-5
http://dx.doi.org/10.1152/jn.00014.2003
http://dx.doi.org/10.1152/jn.00014.2003
http://dx.doi.org/10.1152/jn.00014.2003
http://dx.doi.org/10.1152/jn.00014.2003
http://dx.doi.org/10.1016/j.jembe.2013.02.008
http://dx.doi.org/10.1016/j.jembe.2013.02.008
http://dx.doi.org/10.1016/j.jembe.2013.02.008
http://dx.doi.org/10.1016/S0016-6480(03)00217-X
http://dx.doi.org/10.1016/S0016-6480(03)00217-X
http://dx.doi.org/10.1016/S0016-6480(03)00217-X
http://dx.doi.org/10.1016/S0016-6480(03)00217-X
http://dx.doi.org/10.1016/j.regpep.2012.05.001
http://dx.doi.org/10.1016/j.regpep.2012.05.001
http://dx.doi.org/10.1038/nprot.2013.084
http://dx.doi.org/10.1038/nprot.2013.084
http://dx.doi.org/10.1038/nprot.2013.084
http://dx.doi.org/10.1038/nprot.2013.084
http://dx.doi.org/10.1677/joe.1.06284
http://dx.doi.org/10.1677/joe.1.06284
http://dx.doi.org/10.1677/joe.1.06284
http://dx.doi.org/10.1016/j.yfrne.2013.11.001
http://dx.doi.org/10.1016/j.yfrne.2013.11.001
http://dx.doi.org/10.1038/srep11680
http://dx.doi.org/10.1038/srep11680
http://dx.doi.org/10.1038/srep11680
http://dx.doi.org/10.1186/jbiol72
http://dx.doi.org/10.1186/jbiol72
http://dx.doi.org/10.1186/jbiol72
http://dx.doi.org/10.1186/jbiol72
http://dx.doi.org/10.1186/s13046-016-0317-z
http://dx.doi.org/10.1186/s13046-016-0317-z
http://dx.doi.org/10.1186/s13046-016-0317-z
http://dx.doi.org/10.1210/endo.137.12.8940356
http://dx.doi.org/10.1210/endo.137.12.8940356
http://dx.doi.org/10.1073/pnas.1221833110
http://dx.doi.org/10.1073/pnas.1221833110
http://dx.doi.org/10.1159/000124126
http://dx.doi.org/10.1159/000124126
http://dx.doi.org/10.1159/000124126
http://dx.doi.org/10.1210/en.2006-0363
http://dx.doi.org/10.1210/en.2006-0363
http://dx.doi.org/10.1210/en.2006-0363
http://dx.doi.org/10.1111/ele.12607
http://dx.doi.org/10.1111/ele.12607
http://dx.doi.org/10.1111/ele.12607
http://dx.doi.org/10.1016/j.devcel.2015.02.012
http://dx.doi.org/10.1016/j.devcel.2015.02.012
http://dx.doi.org/10.1016/j.devcel.2015.02.012
http://dx.doi.org/10.1186/1471-2105-12-323
http://dx.doi.org/10.1186/1471-2105-12-323
http://dx.doi.org/10.1186/1471-2105-12-323
http://dx.doi.org/10.1007/s10158-017-0200-4
http://dx.doi.org/10.1007/s10158-017-0200-4
http://dx.doi.org/10.1007/s10158-017-0200-4
http://dx.doi.org/10.1007/s10158-017-0200-4
http://dx.doi.org/10.1037/com0000025
http://dx.doi.org/10.1037/com0000025
http://dx.doi.org/10.1002/(SICI)1097-0029(19990415)45:2%3C106::AID-JEMT5%3E3.0.CO;2-3
http://dx.doi.org/10.1002/(SICI)1097-0029(19990415)45:2%3C106::AID-JEMT5%3E3.0.CO;2-3

RESEARCH ARTICLE

Journal of Experimental Biology (2018) 221, jeb185751. doi:10.1242/jeb.185751

Op den Kamp, C. M., Langen, R. C., Haegens, A. and Schols, A. M. (2009).
Muscle atrophy in cachexia: can dietary protein tip the balance? Curr. Opin. Clin.
Nutr. Metab. Care 12, 611-616.

Ord, T., Ord, D., Adler, P., Vilo, J. and Ord, T. (2015). TRIB3 enhances cell viability
during glucose deprivation in HEK293-derived cells by upregulating IGFBP2, a
novel nutrient deficiency survival factor. BBA - Molecular Cell Research 1853,
2492-2505.

Ribeiro, C. and Dickson, B. J. (2010). Sex peptide receptor and neuronal
TOR/S6K signaling modulate nutrient balancing in Drosophila. Curr. Biol. 20,
1000-1005.

Robertson, O. H. and Wexler, B. C. (1960). Histological changes in the organs and
tissues of migrating and spawning Pacific salmon (genus Oncorhynchus).
Endocrinology 66, 222-239.

Robinson, M. D., McCarthy, D. J. and Smyth, G. K. (2009). edgeR: a Bioconductor
package for differential expression analysis of digital gene expression data.
Bioinformatics 26, 139-140.

Rocha, F., Guerra, A. and Gonzalez, A. F. (2001). A review of reproductive
strategies in cephalopods. Biol. Rev. Camb. Philos. Soc. 76, 291-304.

Shin, M., Kang, H. S., Park, J.-H., Bae, J.-H., Song, D.-K. and Im, S.-S. (2017).
Recent insights into insulin-like growth factor binding protein 2 transcriptional
regulation. Endocrinol. Metab. 32, 11-17.

Sossin, W. S., Kirk, M. D. and Scheller, R. H. (1987). Peptidergic modulation of
neuronal circuitry controlling feeding in Aplysia. J. Neurosci. 7, 671-681.

Suo, D., Park, J., Harrington, A. W., Zweifel, L. S., Mihalas, S. and Deppmann,
C. D. (2014). Coronin-1 is a neurotrophin endosomal effector that is required for
developmental competition for survival. Nat. Neurosci. 17, 36-45.

Sweedler, J. V., Li, L., Rubakhin, S. S., Alexeeva, V., Dembrow, N. C., Dowling,
0., Jing, J., Weiss, K. R. and Vilim, F. S. (2002). Identification and
characterization of the feeding circuit-activating peptides, a novel neuropeptide
family of Aplysia. J. Neurosci. 22, 7797-7808.

Thornton, J. W., Need, E. and Crews, D. (2003). Resurrecting the ancestral steroid
receptor: ancient origin of estrogen signaling. Science 301, 1714-1717.

Van Heukelem, W. F. (1973). Growth and life-span of Octopus cyanea (Mollusca:
Cephalopoda). J. Zool. 169, 299-315.

Veenstra, J. A. (2010). Neurohormones and neuropeptides encoded by the
genome of Lottia gigantea, with reference to other mollusks and insects. Gen.
Comp. Endocrinol. 167, 86-103.

Wells, M. J. (1978). Octopus. Springer Science & Business Media.

Wells, M. J. and Wells, J. (1959). Hormonal control of sexual maturity in octopus.
J. Exp. Biol. 36, 1-33.

Wells, M. J. and Wells, J. (1969). Pituitary analogue in the octopus. Nature 222,
293-294.

Wells, M. J. and Wells, J. (1970). Observations on the feeding, growth rate and
habits of newly settled Octopus cyanea. J. Zool. 161, 65-74.

Wells, M. J. and Wells, J. (1975). Optic gland implants and their effects on the
gonads of Octopus. J. Exp. Biol. 62, 579-588.

Werbin, H. and Chaikoff, I. L. (1961). Utilization of adrenal gland cholesterol for
synthesis of cortisol by the intact normal and the ACTH-treated guinea pig. Arch.
Biochem. Biophys. 93, 476-482.

Wodinsky, J. (1977). Hormonal inhibition of feeding and death in octopus: control by
optic gland secretion. Science 198, 948-951.

Wu, L.-G., Hamid, E., Shin, W. and Chiang, H.-C. (2014). Exocytosis and
endocytosis: modes, functions, and coupling mechanisms. Annu. Rev. Physiol.
76, 301-331.

Yoshiyama-Yanagawa, T., Enya, S., Shimada-Niwa, Y., Yaguchi, S., Haramoto,
Y., Matsuya, T., Shiomi, K., Sasakura, Y., Takahashi, S., Asashima, M. et al.
(2011). The conserved Rieske oxygenase DAF-36/Neverland is a novel
cholesterol-metabolizing enzyme. J. Biol. Chem. 286, 25756-25762.

Young, J. Z. (1971). The Anatomy of the Nervous System of Octopus vulgaris.
Oxford University Press.

10

>
(@)}
i
je
(2]
©
o+
c
(]
£
=
()
o
x
NN
Y—
(©)
©
c
e
>
(®)
_


http://dx.doi.org/10.1097/MCO.0b013e3283319399
http://dx.doi.org/10.1097/MCO.0b013e3283319399
http://dx.doi.org/10.1097/MCO.0b013e3283319399
http://dx.doi.org/10.1016/j.bbamcr.2015.06.006
http://dx.doi.org/10.1016/j.bbamcr.2015.06.006
http://dx.doi.org/10.1016/j.bbamcr.2015.06.006
http://dx.doi.org/10.1016/j.bbamcr.2015.06.006
http://dx.doi.org/10.1016/j.cub.2010.03.061
http://dx.doi.org/10.1016/j.cub.2010.03.061
http://dx.doi.org/10.1016/j.cub.2010.03.061
http://dx.doi.org/10.1210/endo-66-2-222
http://dx.doi.org/10.1210/endo-66-2-222
http://dx.doi.org/10.1210/endo-66-2-222
http://dx.doi.org/10.1093/bioinformatics/btp616
http://dx.doi.org/10.1093/bioinformatics/btp616
http://dx.doi.org/10.1093/bioinformatics/btp616
http://dx.doi.org/10.1017/S1464793101005681
http://dx.doi.org/10.1017/S1464793101005681
http://dx.doi.org/10.3803/EnM.2017.32.1.11
http://dx.doi.org/10.3803/EnM.2017.32.1.11
http://dx.doi.org/10.3803/EnM.2017.32.1.11
http://dx.doi.org/10.1523/JNEUROSCI.07-03-00671.1987
http://dx.doi.org/10.1523/JNEUROSCI.07-03-00671.1987
http://dx.doi.org/10.1038/nn.3593
http://dx.doi.org/10.1038/nn.3593
http://dx.doi.org/10.1038/nn.3593
http://dx.doi.org/10.1523/JNEUROSCI.22-17-07797.2002
http://dx.doi.org/10.1523/JNEUROSCI.22-17-07797.2002
http://dx.doi.org/10.1523/JNEUROSCI.22-17-07797.2002
http://dx.doi.org/10.1523/JNEUROSCI.22-17-07797.2002
http://dx.doi.org/10.1126/science.1086185
http://dx.doi.org/10.1126/science.1086185
http://dx.doi.org/10.1016/j.ygcen.2010.02.010
http://dx.doi.org/10.1016/j.ygcen.2010.02.010
http://dx.doi.org/10.1016/j.ygcen.2010.02.010
http://dx.doi.org/10.1038/222293a0
http://dx.doi.org/10.1038/222293a0
http://dx.doi.org/10.1111/j.1469-7998.1970.tb02170.x
http://dx.doi.org/10.1111/j.1469-7998.1970.tb02170.x
http://dx.doi.org/10.1016/S0003-9861(61)80039-8
http://dx.doi.org/10.1016/S0003-9861(61)80039-8
http://dx.doi.org/10.1016/S0003-9861(61)80039-8
http://dx.doi.org/10.1126/science.198.4320.948
http://dx.doi.org/10.1126/science.198.4320.948
http://dx.doi.org/10.1146/annurev-physiol-021113-170305
http://dx.doi.org/10.1146/annurev-physiol-021113-170305
http://dx.doi.org/10.1146/annurev-physiol-021113-170305
http://dx.doi.org/10.1074/jbc.M111.244384
http://dx.doi.org/10.1074/jbc.M111.244384
http://dx.doi.org/10.1074/jbc.M111.244384
http://dx.doi.org/10.1074/jbc.M111.244384

