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DISSERTATION ABSTRACT 
 
Jeremea Ocampo Songco 
 
Doctor of Philosophy in Biology 
 
Title: Molecular Architecture of the Octopus bimaculoides Central Nervous System 
 
 

Interacting with our environments requires that we appropriately integrate sensory 

information and convert these inputs into a perception of our surroundings to generate basic and 

complex behaviors. Traditionally, model organisms, such as nematodes, flies, zebrafish, or even 

mice, have been used in the laboratory setting to investigate neural circuit formation and 

function. While these organisms have furthered our understanding of how different cell types 

wire up to drive complex behavior, there is much to be learned from exploring the brain of non-

traditional organisms.  

Cephalopods have the largest brain among invertebrates and have a rich catalog of 

behaviors, including navigating complex underwater environments and rapid body-patterning 

known as camouflage. While seminal work during the 1960s revealed cellular properties of 

neurons using the giant squid axon, recent advancements in technology have permitted further 

characterization of cell types and circuits in a species that is unlike many of those used 

traditionally in the field of neuroscience. By investigating the brain of these animals, we can 

begin to understand fundamental mechanisms involved in the formation and function of complex 

neural circuits. 

Unlike model organisms, there are limited tools in genetic manipulation and the field has 

yet to produce a comprehensive brain atlas bridging anatomical, molecular, and functional 

properties of cell types in these animals. Therefore, my dissertation sought to develop key 

resources that will serve as a foundation for such studies once it becomes technically possible. I 

first contributed to the optimization and usage of functional imaging in an ex vivo preparation of 

the octopus brain in order to characterize response properties of visually responsive cells in the 

optic lobe, the main visual center which is a paired brain region that comprises 2/3 of the central 

nervous system of octopuses. We found evidence for retinotopic organization of responses to 

light (ON) and dark (OFF) spots, including spatial tuning properties that may be suggestive of 
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environmental demands.  

To begin elucidating the diversity of unit responses we revealed in this initial study, I 

focused on developing a single-cell molecular atlas of the Octopus bimaculoides optic lobe by 

combining single cell RNA-sequencing (scRNA-seq) with multiplexed fluorescence in situ 

hybridization (FISH). We identified six classes of mature neuronal cell types in addition to a 

large population of immature neurons. Our FISH revealed sublaminar organization across the 

optic lobe, further characterizing the cell types that were initially identified in the 1960s based on 

morphology. An octopus’ ability to engage in a wide range of visually guided behaviors rests 

upon the various inputs and outputs the optic lobes have to other structures in the central nervous 

system. However, there has yet to be published a mapping of these structures as well as an in-

depth understanding of the molecular landscape across the central nervous system. Therefore, I 

sought to develop the first brain-wide gene expression resource for cephalopods by 

characterizing all of the structures in this species through Hematoxylin & Eoisin (H&E) staining 

of serial sections of the brain, and I quantified expression for 40 genes, including functional and 

developmental determinants, across 20 identified brain regions. Together, this work reveals 

functional and molecular organization in the optic lobe as well as other brain regions, furthering 

our understanding of how a completely different organism can carry out complex behaviors. 

This dissertation includes previously published and unpublished co-authored material. 
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CHAPTER I 

INTRODUCTION 

 
The ability to interact with our rich environments requires that our brain convert sensory 

information into a perception of our surroundings. Tasks we likely engage in every day without 

giving it a single thought utilize rapid computations carried out by intricate neural circuits shaped 

by our biology and our experiences. To understand how these basic and complex behaviors are 

carried out, it is critical to understand the components that contribute to their underlying 

circuitry. 

  

Often, investigations into neural circuit formation and function utilize traditional model  

organisms, which are defined by their short, closed lifespan, ability to reproduce many offspring 

and generations, and the availability of genetic tools1. Through using model organisms in the 

laboratory setting, we have learned about critical features of neural circuits – from development 

to function, behavior, and, even, pathology (Reviewed in2–6). However, investigating different 

embodiments of advanced neural processing can facilitate our understanding of the fundamentals 

of how these circuits form and function, therefore elucidating, for simplicity’s sake, “how to 

build a complex brain”. Due to their large brains, complex nervous systems, and advanced 

behaviors, cephalopods are an intriguing emerging model system for expanding our 

understanding of how a completely different brain executes dynamic computations.  

 

Octopus Brains as a Model for Understanding Complexity 

Cephalopods, which includes squid, cuttlefish, and octopuses, have the largest brain among 

invertebrates7–10, with their central nervous system—as well as each of their arms—serving as a 

rich network of neuronal communication11. The cephalopod central nervous system is located at 

the base of the mantle, between the eyes of the animal (Figure 1). It is characterized by two 

masses, one that sits above the esophagus, termed the supraesophageal mass (SEM), while the 

other sits right below the esophagus (subesophageal mass; SUB)11. These masses are in between 

the two large optic lobes, which comprise ⅔ of the entire central nervous system and are 

considered to be the main visual processing areas12,13. In reference to the body-axis, the SEM is 
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considered dorsal and contains brain areas responsible for mantle control and regulation of 

visceral organs, whereas the SUB is ventral and comprises brain areas responsible for controlling 

the arms14–16.  

 
Figure 1. Overview of cephalopod brain anatomy organization.  
A) Location and 3D rendering of major structures in the Octopus brain.  
B) Sagittal section displaying lobes of the SEM and SUB, from 17.  
C) Diagram of major structures in the octopus brain, viewed from the front. Modified from 18 (top). Diagram of octopus brain 
organization seen from above, adapted from 11 (middle). Diagram of central nervous system lobes in octopus, viewed from 
the right side (bottom). Adapted from 11. 
 

Figure 1. Overview of cephalopod brain anatomy organization. A) Location and 3D rendering of 
major structures in the Octopus brain. B) Sagittal section displaying lobes of the SEM and SUB, 
from Shigeno et al., 2018. C) Diagram of major structures in the octopus brain, viewed from the 
front. Modified from Young 1965a The nervous system of Nautilus. D)  Diagram of octopus brain 
organization seen from above, adapted from Young 1971 Anatomy of the nervous system of 
Octopus vulgaris. E) Diagram of central nervous system lobes in octopus, viewed from the right 
side. Adapted from Young 1971 Anatomy of the nervous system of Octopus vulgaris.
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The cephalopod nervous system contains approximately 25 differentiated lobes which can be 

grouped into systems based on their specialized functions10,11,17,19,19–22,22–25,25. In octopuses, these 

functional systems are: 1) learning and memory (vertical and superior frontal lobe), 2) 

chemosensory and tactile learning and memory (inferior frontal lobe), visual processing (optic 

lobes), lower visuo-motor control (peduncle lobes), higher motor control for sensory processing 

and behavior (SEM), and lower motor control for funnel, arm, and mantle movement (SUB). 

From hatching to adulthood, the number of neurons in the central brain grow exponentially from 

200,000 to 200 million26,27, with morphological changes in the brain reflecting their adaptive 

behavior28.  

 

For example, the vertical and subvertical lobes are part of tactile and visual learning11 and increases from 

hatching to adult, and the subfrontal lobe, which is involved in tactile learning29 also increases in size 

from hatching to juvenile and adult, reflecting the growth and usage of the arms. The optic lobes remain 

the largest structures of the central nervous system and, while it continues to grow through the lifespan 

of the animal, at hatching its parts and organization resemble what would be expected in the adult13. At 

hatching, the anterior basal and peduncle lobes, both of which fall within the cerebellum-like visuo-

motor control functional system, are proportionally larger, given demands for prey capture along the 

water column. Specifically, the anterior basal regulates posture and movement of head and eyes while 

swimming11, while the peduncle lobes are involved in locomotion based on visual cues11,23. In the SUB, 

the buccal lobe, which is involved in prey capture and feeding30 and grows from 8% of total volume of 

the hatching to 18% in the adult as it is involved in lower motor control of the arms28, while the 

chromatophore lobes are not differentiated at hatching31, despite forming 5% of total brain volume in 

later development, similar to what has been described as a “metamorphosis”32–34. 
 

Like vertebrates, octopuses utilize many visually guided behaviors in their everyday life, such as 

navigating their environments and engaging in prey capture and predator avoidance (Reviewed 

in 35). Octopus vision is often referred to as a textbook example of convergent evolution, since 

both vertebrates and octopuses developed camera-type eyes36–38, which focus light through a lens 

onto a layer of cells called the retina13,39, despite these two lineages diverging over 500 million 

years ago. Uncannily, the anatomical resemblances of their camera eye propagate to the cellular 
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level as well—to the extent that the term “deep retina” was coined by Santiago Ramon y Cajal  in 

reference to the octopus visual system. While the morphology and presumed synaptic 

connections, based on histology, of the octopus central nervous system has been described11,13, 

technical limitations have prevent a thorough deconstruction of other critical features that define 

neural circuits in the octopus visual system and across the rest of their brain. 

  

Goals of Dissertation 

In this dissertation, I will describe the work that I have done to characterize the functional 

identities of cells in the octopus visual system as well as the molecular architecture of the entire 

octopus central nervous system. In Chapter II, I will describe a protocol established to obtain the 

first calcium-evoked unit responses from the octopus visual system by applying two-photon 

imaging on an ex vivo preparation of the brain. We found evidence of retinotopic organization of 

responses to light (ON) and dark (OFF) spots as well as identified spatial tuning properties to ON 

and OFF that may be suggestive of environmental demands. In Chapter III, I will characterize 

the molecular identities of cells found in the octopus visual system by combining single cell 

RNA-sequencing (scRNA-seq) with multiplexed RNA fluorescence in situ hybridization (FISH) 

of top differentially expressed genes from each of the cell type clusters. We identified six major 

cell classes based on neurotransmitter and neuropeptide usage as well as a large population of 

immature neurons, which is unsurprising given that the octopus brain continues to grow 

throughout its lifespan. In Chapter IV, I expand our understanding of molecular architecture 

beyond the visual areas of the octopus brain by analyzing gene expression across each of the 

lobes found in the central nervous system. We generate the first mapping of brain organization in 

this species using serial sections stained with Hematoxylin & Eoisin (H&E), and we further 

characterize these regions by performing RNA FISH on 40 genes, including classical 

neurotransmitters, neuropeptides, and developmental markers. As a result, we produce the first 

brain-wide gene expression mapping in octopuses. Together, this work reveals an initial account 

of functional response properties and molecular identities in the octopus visual system and across 

the central nervous system, providing a foundation for future studies to bridge anatomical, 

molecular, and functional characteristics of neural circuits in cephalopods. 
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Introduction 

Cephalopods evolved large and complex brains independently from the rest of the animal 

kingdom. Like vertebrates, cephalopods also evolved camera-type eyes that focus a high 

resolution image onto a retina1. Together, their large brain and camera-type eyes implement a 

sophisticated visual system, which mediates a wide range of advanced visually-based behaviors2, 

including prey capture and predator avoidance3,4, identifying mates5,6, spatial navigation7,8, and a 

remarkable ability to rapidly camouflage to their surroundings9–12. However, because the 

cephalopod brain evolved independently from that of other highly visual species, the neural 

organization of their visual system is dramatically different.  

Anatomical studies have delineated the morphology and structural connectivity of neurons in the 

cephalopod retina and optic lobes13–20. Unlike vertebrates, the cephalopod retina contains only 

photoreceptors, which send axons out of the retina into the optic lobes of the brain (Figure 1A, 

C). The optic lobes comprise roughly two thirds of the centralized nervous system and are where 

most of the visual processing in the cephalopod brain is thought to occur12. The outer optic lobe 

is a layered structure (Figure 1D, E), with two cell body layers, termed the outer granular (OGL) 

and inner granular layer (IGL), surrounding a layer of processes, the plexiform layer (Plex), 
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where photoreceptor axons terminate. Together these were termed the “deep retina” due to their 

resemblance to the layers of the vertebrate retina13,15. The center of the optic lobe, the medulla 

(Med), consists of clusters of cell bodies arranged in a tree-like structure surrounded by 

neuropil21. Recent transcriptomic studies have revealed a rich diversity of cell types within the 

optic lobe, as well as extensive sub-laminar organization22–25.  

 

 

Figure 1. Experimental paradigm for calcium imaging of visual responses in the optic lobe 
A) Image of a juvenile Octopus bimaculoides. The central brain is shown in burgundy, and one optic lobe is outlined 
in white.  
B) Schematic of the experimental set-up. A projector is used to present visual stimuli on the side of the recording 
chamber, with the preparation underneath the objective of a two-photon microscope on an adjustable platform.  
C) Illustration of octopus visual system anatomy. Bundles of photoreceptor projections exit the back of the eye 
(left), decussate vertically, and enter the optic lobe (right) in a retinotopic manner. In the cutaway, the layered 
structure of the optic lobe can be seen, as it is in our imaging planes. Dorsal, posterior, and medial axes are shown in 
the key.  
D) Coronal section of the center of the octopus optic lobe, stained with DAPI to illustrate the overall anatomy of the 
layers, which are labeled as in Figure 1E. Dorsal-ventral and lateral-medial axes are shown in the key.  
E) Simplified illustration of the anatomy of the layers of the optic lobe. Color code for layers also applies to Figure 
1C, F. 
F) Mean fluorescence image of calcium indicator loading across a horizontal optical section of the optic lobe, as 
shown in the green square in 1C, with layers delineated by dotted lines. Inset shows layers in color overlay. Lateral-
medial and anterior-posterior axes are shown in the key. 
 

Early studies of photoreceptors in the cephalopod eye provided an initial description of visual 

processing at the input stage26,27. Like most other invertebrates28, cephalopods have rhabdomeric 

photoreceptors that depolarize in response to increases in light (ON responses)29, in contrast to 

vertebrate photoreceptors that depolarize in response to decrements in light (OFF responses). 
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Nearly all species of cephalopods, including octopuses, only express one type of opsin in their 

photoreceptors and are therefore thought to be monochromats26,30, consistent with behavioral 

findings31,32. Electrophysiological recordings from the retina have demonstrated ON-center 

receptive fields and indications of lateral inhibition33–36. However, little is known regarding 

neural responses beyond the photoreceptors35,37,38.  

In the visual system of many species, responses to increments and decrements of light are 

processed in separate ON and OFF pathways39, although the neural circuit mechanisms that give 

rise to these pathways, as well as their functional properties, can vary40,41. Likewise, many visual 

systems, though not all42, exhibit a topographic organization of visual space within the brain, 

known as retinotopy. However, no studies have addressed the neural representation of ON and 

OFF visual stimuli within the cephalopod optic lobe, or how this is organized topographically 

and transformed across the optic lobe layers.  

Here we developed techniques for two-photon calcium imaging of visually evoked responses in 

Octopus bimaculoides43, a promising model species for studying cephalopod vision44. We used 

this calcium imaging approach to measure how spatial and luminance information are 

represented in large-scale neural responses, and to determine how these responses are organized 

within the optic lobe. 

 

Results 
Calcium Imaging of Stimulus-Specific Visual Responses in the Optic Lobe 

Historically, electrophysiological recordings in the cephalopod brain have been technically 

challenging, and methods to express genetically encoded calcium indicators are not yet available 

in cephalopods. Here we employed a calcium imaging approach using an injection of a synthetic 

calcium indicator, Cal-520 AM-ester, to measure large-scale neural activity in the octopus optic 

lobe. Our general approach was adapted from techniques previously used to measure visual 

responses in the zebrafish optic tectum45, and the bolus loading method established for 

acetoxymethyl (AM) ester calcium indicators46. In this method, a membrane-permeable AM-

ester form of a calcium indicator dye is injected into the brain, where it is taken up by cells and 

rendered fluorescent based on cleavage of the AM moiety by endogenous esterases. This 
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https://paperpile.com/c/WfZi5S/nX36G
https://paperpile.com/c/WfZi5S/iTb1c+KWEAj
https://paperpile.com/c/WfZi5S/2d6QV
https://paperpile.com/c/WfZi5S/vGtCo
https://paperpile.com/c/WfZi5S/SYcVk
https://paperpile.com/c/WfZi5S/RuANO
https://paperpile.com/c/WfZi5S/PsEXn
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typically leads to dye loading across a region of 500-1000μm in the intact brain in zebrafish and 

mouse46.  

 

We injected Cal-520 AM-ester into one optic lobe of an ex vivo preparation comprised of the 

eyes and central brain of an octopus (Figure 1A) and imaged neural responses with a two-photon 

microscope, which provided optical access for recording across the optic lobe to a depth of up to 

200μm (Figure 1B). The small sizes of the juvenile octopuses allowed us to image a large cross-

section of their optic lobes spanning multiple layers, providing a view across both its tangential 

and laminar organization (Figure 1C-E), similar to how a cross-section of the top of the earth 

would both span longitude and latitude (tangential organization), as well as reveal the layers of 

the earth’s crust and mantle (laminar organization). Figure 1F shows loading of the fluorescent 

indicator across an optic lobe, with its different layers readily discernible. The full field of view 

of the microscope was 0.64mm2, but measurable fluorescent loading typically only covered 0.35 

+/- 0.05mm2 (n=6 animals). The radius of the optic lobe at this age is roughly 1mm, with an 

approximately 4mm2 surface area, indicating we were imaging ~1/10th of the optic lobe area in a 

given experiment. 

 

Visual stimuli were displayed via a LCD projector onto a white diffusion filter mounted on the 

side of the chamber containing the preparation (Figure 1B). An adjustable platform allowed us to 

align the precise orientation of the eye so that receptive fields for a given imaging region were 

centered on the screen. This approach allowed us to present high-resolution stimuli across the 

visual field of one eye while simultaneously recording the responses across a region of the optic 

lobe.  

 

To obtain visually evoked responses, we initially used a stimulus of individual full contrast ON 

(light) and OFF (dark) rectangular spots (24x18deg) tiling the projection screen, presented in a 

random order on a 50% luminance gray background for 1sec duration. This stimulus elicited 

fluorescence responses in the optic lobe dependent on the location of the spot in the visual field 

(Figure 2, Video S1). ON and OFF responses were based directly on the activity during the 

stimulus duration for light and dark spots, rather than comparing onset and offset transients for 

https://paperpile.com/c/WfZi5S/PsEXn


 
 

28 
 

 

 

ON stimuli as is done when light stimuli are presented on a dark background. Figure 2A shows 

the mean response, measured as the change in fluorescence divided by mean fluorescence 

(dF/F0) at each pixel across the optic lobe, over five repeated presentations of an ON spot at one 

location. The evoked activity, locked to stimulus onset, persisted throughout the one second 

stimulus period and was followed by a decay, consistent with calcium indicator dynamics. This 

activation map also suggests a temporal sequence of activity, with fluorescence signal first 

increasing rapidly in the superficial optic lobe, followed by more gradual and sustained response 

in the medulla. Figure 2B shows the mean response across the optic lobe during the stimulus 

presentation for ON spots in three neighboring locations. We found activation of distinct regions 

within the optic lobe to each location, indicating specificity for the location of the stimulus in 

visual space in a retinotopic manner. Finally, Figure 2C shows the response to an OFF spot at the 

same recording location as Figure 2B (middle), responding in approximately the same region, 

but deeper in the laminar structure of the optic lobe, in the IGL and medulla.  

 

Figure 2. Visually evoked responses in the optic lobe 
A) Mean timecourse of fluorescence response to a flashed ON spot at one location in the visual field (averaged over 
five stimulus repetitions), showing spatial organization and temporal dynamics. Duration of stimulus presentation is 
indicated by the red bar above the frames. Individual imaging frames are shown at 0.2sec intervals. 
B) Mean fluorescence response across the optic lobe to ON stimuli at three different horizontal locations, averaged 
across the stimulus duration for five repetitions. 
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C) Mean fluorescence response to an OFF stimulus at the same location as H (middle), averaged across the stimulus 
duration for five repetitions. 
 

These results demonstrate that our calcium imaging approach allowed us to measure stimulus-

specific visual responses, and provide initial support for both retinotopic and laminar 

organization of responses. To probe the specificity and spatial organization of visual responses 

more systematically, we next performed mapping of spatial receptive fields using a sparse noise 

stimulus. 

 

Spatially Localized ON and OFF Receptive Fields 

We used a sparse noise stimulus adapted from47 to calculate ON and OFF receptive fields. The 

stimulus consisted of frames of ON and OFF circular spots of three different sizes (radius = 3, 6, 

12deg) in a randomly distributed pattern, along with randomly interleaved ON or OFF full-field 

frames (Figure 3A). Each frame was presented for 1sec over a total recording time of 10mins. 

This sparse noise stimulus elicited robust and spatially localized fluorescence responses across 

the optic lobe, as demonstrated in Figure 3B and Video S2. 

 

Figure 3. ON and OFF receptive fields mapped with a sparse noise stimulus 
A) Example frames from the sparse noise stimulus used to map receptive fields. Frames were presented 
consecutively in a randomized order for 1sec each. 
B) Traces of fluorescence activity at 32 locations across the optic lobe in response to the sparse noise stimulus.  

https://paperpile.com/c/WfZi5S/4HxFe
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C) RFs from four example units, two each for ON (top) and OFF (bottom) components of the stimulus. Note that 
because these units are from within a single imaging field of view, the RFs are in the same vicinity of visual space, 
consistent with retinotopic organization. 
D) Histogram of RF sizes for ON and OFF stimuli (n=6 animals). 
E) Location of units with RFs for ON (red), OFF (blue), or both (magenta) in one session across the optic lobe. 
F) Fraction of units overall with significant RFs for ON and OFF across the layers of the optic lobe (n=6 animals). 
 

For analysis, we selected individual regions of interest (ROIs), 20x20μm, centered on peaks in 

the mean fluorescence image above a baseline fluorescence threshold, to exclude regions that 

were not loaded with calcium indicator. This identified ~500-1000 ROIs spaced across each of 

the multiple layers of the optic lobe captured within each imaging field (e.g Figure 3E). We 

selected this approach, rather than extracting responses specifically from cell bodies as typically 

performed for calcium imaging in vertebrates, both due to the challenge in localizing signals to 

individual cells in tightly packed cell body layers and the fact that, in invertebrates, much of the 

neural signal is localized to processes within the neuropil. We refer to each ROI as a unit, 

denoting a specific location within the optic lobe, rather than a single neuron. This analysis 

allowed us to map how visual information is represented at locations across the optic lobe. As 

noted in the Discussion, single-cell or cell-type specific recordings will likely be needed to 

directly probe individual cell tuning properties. 

 

We computed receptive fields (RFs) for each unit using reverse correlation based on the evoked 

dF/F0 fluorescence signal for each frame of the sparse noise stimulus, excluding the full-field 

flashes (see Methods). We performed this separately for the ON (light) and OFF (dark) 

components of the stimulus to avoid cancelation of positive and negative stimulus contrast for 

units that responded to both polarities. This revealed spatially localized RFs for both ON and 

OFF stimuli, as shown by examples in Figure 3C. RFs were generally circularly symmetric by 

visual inspection, so we fit RFs to a Gaussian model to determine their size and location within 

visual space. Across experiments, 59 +/- 26% of all units had a RF significantly above 

background as determined by their z-scored response. The Gaussian model provided a good fit to 

the RFs, with a pixel-wise correlation between the measured RF and model fit of 0.85 +/- 0.07 

for ON RFs and 0.74 +/- 0.14 for OFF (mean +/- s.d.) The lower correlation for OFF response 

likely reflects noisier RF estimates due to the lower response amplitude in OFF units (see Figure 
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4 below), but in both cases the vast majority of variance in the RF was explained by the Gaussian 

model. The RF radius, based on sigma of the Gaussian fit, was 5.7 +/- 0.6deg for ON, and 7.4 +/- 

0.6deg for OFF (p=0.31 for ON vs OFF) (Figure 3D). Note that this is likely an overestimate of 

the RF size of individual neurons, since the response of each unit within the lobe represents the 

summed response of a number of individual neurons. 

 

Figure 4. Retinotopic organization of visual responses in the octopus optic lobe 
A) Example mapping of RFs in the optic lobe of responses to both ON (left) and OFF (right) stimuli. Areas are 
colored by the position of their RFs along the elevation (top) and azimuth (bottom) as shown by the color scale bars 
(degrees of visual space). Based on the position of the octopus eyes, elevation corresponds to the dorsal-ventral axis 
of the animal’s body, and azimuth corresponds to the anterior-posterior axis of the animal’s body. 
B) Scatter plot of RF location for elevation (top) and azimuth (bottom) versus unit location within the optic lobe, for 
both ON and OFF responses. Adjacent groups of cells responded to adjacent areas of the visual field.  
C) Mean coefficient of determination for elevation and azimuth maps across all recordings (n=6 animals). 
D) Mean scatter in RF location for elevation and azimuth, across all recordings (n=6 animals). Dashed line shows 
chance level based on a shuffle control.  
 

In each experiment, the measured RFs only subtended a restricted region of the visual field, 

consistent with a retinotopic organization and the fact that we are only imaging a limited extent 

of the optic lobe area (roughly 1/10th, as described above). We calculated that an area of 430 +/- 

290deg2 (mean +/- s.d.) of the visual field that was covered by the RFs in each experiment. For 

context, the projection screen was 5400deg2 (90x60deg), so the fraction of visual space 

represented (~1/12th) corresponds well to the fraction of the optic lobe imaged.  
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We next examined the distribution of ON and OFF responses across the optic lobe to determine 

where the pathway for processing each arises. Figure 3E shows all units in an example recording 

labeled based on whether they had a RF for only ON (red), only the OFF (blue) component, or 

for both components of the stimulus (magenta). While ON responses are distributed throughout 

the lobe, OFF responses are largely restricted to the deeper layers of the IGL and medulla. To 

quantify this, we calculated the fraction of ON and OFF RFs in each layer across recordings 

(Figure 3F), confirming that OFF responses primarily emerge in the IGL and are strongest in the 

medulla. The sequential emergence of OFF responses relative to ON is consistent with the fact 

that photoreceptor axons in cephalopods, which mainly terminate in the superficial layers of the 

optic lobe (Plex), respond to increments of light, and demonstrates that the OFF processing 

pathway originates in neurons further along the visual processing pathway. 

 

We found both ON and OFF responses within the same fields of view, corresponding to the same 

region of visual space, suggesting that variations are primarily due to depth. However it remains 

possible that there could also be variations in the ON/OFF distribution across the visual field in 

other regions of the optic lobe.  

  

Retinotopic Organization of the Optic Lobe 

To determine if there was a retinotopic organization of visually evoked responses in the octopus 

optic lobe, we labeled each unit according to the location of its RF, based on the center of the 

Gaussian fit described above. As shown in Figure 4A, we found clear retinotopic progression for 

ON and OFF responses, along both the elevation and azimuth of the visual field, resulting in a 

map of visual space across the optic lobe. This is further demonstrated in Figure 4B, which 

shows the high degree of correlation between the unit’s physical location across the optic lobe 

with its RF location in visual space. The retinotopic maps of ON and OFF RFs were also aligned 

in regions of the lobe that were responsive to both (Figure 4B). Note that, as described above, the 

imaged retinotopic map does not span the full visual space of the projector screen, but is 

typically restricted to roughly 20x20deg (mean 430deg2), due to the fact that we were only 

imaging a subregion of the optic lobe. 
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We next quantified the retinotopic organization in each experiment by performing a linear 

regression between the RF elevation/azimuth in the visual space of all responsive units and their 

x/y location within the optic lobe. We used both the x and y location of the units to predict each 

RF parameter, since the visual axes were not always aligned to the x and y axes of the imaging 

plane depending on the orientation of the preparation. This fit resulted in a mean coefficient of 

determination greater than 0.8 for both ON and OFF maps across experiments (Figure 4C), 

confirming robust retinotopy. We also computed the scatter of RF locations (i.e. how much RF 

locations deviate from a linear retinotopic progression), based on the residuals from the fit, 

which demonstrated that individual unit’s RFs have scatter of less than 2 degrees (Figure 4D). 

Finally, the slope of the RF fit determines the magnification factor of the map (i.e. how much the 

RF location changes for a given distance in the brain), with a mean progression of 21.9 +/- 1.4 

μm/deg in elevation and 25.0 +/- 3.0 μm/deg in azimuth. Together, these data provide the first 

functional demonstration of a retinotopic organization of visual information within the 

cephalopod brain.  

 

Size Selectivity in ON and OFF Pathways Across Layers of the Optic Lobe 

To further examine visual response properties and their organization within the octopus optic 

lobe, we next calculated size tuning of units based on their evoked responses to spots of different 

sizes in the sparse noise stimulus. For each unit with a significant RF, we determined the center 

of its ON or OFF RF from the Gaussian fit, and computed the mean dF/F0 response timecourse 

when spots of different sizes appeared in this RF. We limited this analysis to units with 

significant RFs, based on z-score as described above, because it is only meaningful for units that 

have a defined RF location. 

 

Figure 5A shows the mean timecourse of response during the 1sec stimulus presentation for each 

size stimulus, including full-field flash, for all units across experiments, divided into their layer 

within the optic lobe. In order to accurately represent the relative magnitude of responses across 

layers, given the differential distribution of ON and OFF units (Figure 3E), we weighted these 

mean traces by the respective fraction of responsive units within each layer. All responsive 
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populations showed sustained activity throughout the 1sec stimulus presentation, although with 

diverse temporal dynamics. We note that because our measurements represent the activity of 

multiple neurons in each unit, these dynamics could also represent the summation of populations 

with heterogeneous temporal responses, for example both transient and sustained responses. 

 

Figure 5. Size selectivity and temporal dynamics across the layers of the optic lobe  
A) Mean timecourse of ON (top) and OFF (lower) responses for each stimulus size, separated by layers of the optic 
lobe. Response for each layer and luminance are weighted by fraction of units responsive. OGL did not show a 
significant response to OFF, and was omitted from this figure. Stimulus onset is at t=0 and each frame was 
presented for 1sec, as shown by gray bars on the x axis (n=6 animals). 
B) Mean size tuning curves for ON responses in each layer, normalized to the response to the smallest stimulus (n=6 
animals).  
C) Mean timecourse of unit responses, averaged across the three sizes of stimulus spots and normalized to the 
maximum response, for ON (Plex, IGL, Med) and OFF (Med) (n=6 animals). 
D) Mean rise time to half-maximum response from data in C.  
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For ON stimuli (Figure 5A, top), there was a strong and rapid response in the Plex, which was 

approximately equal in amplitude for all stimulus sizes, as well as to the full-field flashes. 

However, as responses progressed deeper into the IGL and medulla, the sustained response 

increased for small stimuli but decreased for larger spots and full-field flashes, indicating size 

selectivity. Interestingly, the initial onset responses were similar across sizes, with the responses 

to different sizes diverging only after ~200msec. Figure 5B shows the size tuning curve of ON 

responses for each layer, based on the mean dF/F0 across stimulus duration, normalized to the 

response to the smallest stimulus size. These show a decrease in the relative response to larger 

stimuli in the IGL and medulla. Together, the responses to ON stimuli showed an emergence of 

size selectivity, both over time and across layers. 

 

In contrast, responses to OFF stimuli (Figure 5A, bottom) only appeared in deeper layers of the 

optic lobe (IGL and Med). There was no size suppression across different sized spots, in contrast 

to what was seen in the ON. Rather, responses to OFF spots of all sizes were roughly equal, 

leading to a relative bias toward large stimuli in OFF compared to ON. Strikingly, there was no 

response at all to the full-field OFF stimulus, despite responses to the range of OFF spot sizes 

and to full-field ON. These differences in spatial integration for ON and OFF suggest different 

processing pathways exist for these two luminance modalities, even in these early visual 

processing stages.  

 

Finally, we examined the mean timecourse of response onset to ON and OFF spots across the 

layers of the optic lobe (Figure 5C, D), revealing distinct temporal dynamics. ON responses 

increased rapidly in the plexiform layer, and then spread into the deeper regions of the IGL and 

Med. On the other hand, OFF responses were first seen predominantly in the medulla (Figure 

5A, bottom panels), and had a slower rise time (Figure 5C, blue trace). We quantified this 

difference in timecourse based on the mean rise time to half-maximum response (Figure 5D). It 

should be noted that this metric represents the rate of increase of response rather than latency to 

first response, which was faster than our framerate as clear responses were already seen in the 

first frame following stimulus onset (Figure 5C). There was an approximately 100msec 
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difference in rise time for ON responses from Plex to IGL and medulla, and an additional 

100msec difference within the medulla from ON responses to OFF responses (Figure 5D), 

consistent with a later emergence in the visual processing circuit. 

 

Discussion 

Octopuses represent an intriguing independent evolution of a complex nervous system. However, 

relatively little is known about how their brain functions at the neural level. Combining large 

scale two-photon calcium imaging with controlled visual stimuli, we were able to overcome 

technical challenges that previously hindered recordings of neural activity in cephalopods. The 

establishment of such recording techniques, and future improvements, will be essential for 

elucidating the computations performed in their visual system, as well as other aspects of sensory 

processing, cognition, and behavior in cephalopods. 

Using this calcium imaging approach, we measured response properties of populations of 

neurons within the octopus optic lobe, and began to identify what fundamental features of the 

visual world they encode, and how these emerge in the early stages of visual processing. We 

found similarities in visual processing between octopus and other species, such as a retinotopic 

organization of responses, highlighting potential fundamental principles for the organization of 

visual systems across the animal kingdom. We also identified unique organization of ON/OFF 

pathways and size selectivity, that may have arisen due to these animals' environmental 

constraints48 or distinct evolutionary trajectories49. These findings are the first to show visual 

processing dynamics across the layers of the octopus optic lobe and provide a foundation for 

studying the processing of more complex visual features. 

 

Spatial Organization of Response Properties in the Optic Lobe 

Although there have been previous studies of the anatomical organization of the octopus visual 

system, little is known about its functional organization. Based on the fashion in which the optic 

nerves from the eye were found to enter the optic lobe16,50,51, it was predicted that visual 

information would be retinotopically organized within the lobe, as it is in many, though not all42, 

visual systems across the animal kingdom. However, studies in the motor system of cephalopods 

https://paperpile.com/c/WfZi5S/ThJYv
https://paperpile.com/c/WfZi5S/p7qtH
https://paperpile.com/c/WfZi5S/phxy3+NKST5+1E911
https://paperpile.com/c/WfZi5S/2d6QV
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demonstrated a surprising lack of somatotopy in their central brain, suggesting they may have 

evolved alternative, non-topographic architectures for representing spatial information52. In this 

study, we found that neural coding in the visual system of the octopus is indeed organized 

retinotopically, with aligned maps for responses to ON and OFF stimuli, demonstrating that the 

lack of topographic mapping previously observed in the motor system is not a general feature of 

cephalopod brain organization. 

 

Previous anatomical studies had suggested potential neural circuits across the layers of the 

octopus optic lobe that could implement sequential processing of visual input13,14,16, as in the 

vertebrate retina or fly visual system53. Our findings support these predictions, demonstrating 

that the temporal dynamics of visual responses in octopuses do in fact proceed sequentially 

across the laminar organization of their brain. This is accompanied by a transformation of the 

visual input, including the emergence of the OFF pathway, as well as an increase in size 

selectivity in the ON pathway. Our findings of differential response dynamics across distinct 

layers provide an initial framework for understanding the functional computations performed by 

the cephalopod visual system.  

 

Comparative Aspects of ON/OFF Pathways and Spatial Processing 

A key computation for any visual system is the ability to respond to both light and dark stimuli 

within a scene. Given that photoreceptors depolarize to only ON (invertebrates) or OFF 

(vertebrates) stimuli, there is a necessary computation to invert the polarity of the photoreceptor 

signal within the subsequent visual circuitry to achieve this. For vertebrates it is known that this 

inversion occurs at the photoreceptor to bipolar cell synapse54, while in Drosophila segregated 

ON and OFF responses emerge one synapse further from the photoreceptors, between the lamina 

and medulla55.  

 

Here we found that ON responses dominate in the primary input layer of the octopus optic lobe, 

the plexiform layer, corresponding to the fact that cephalopod photoreceptors depolarize to light 

increments. OFF responses only emerge initially in the IGL and are greatly increased in the 

medulla, suggesting a potential site for the sign inversion circuitry. We also found that OFF 

https://paperpile.com/c/WfZi5S/Ive76
https://paperpile.com/c/WfZi5S/SyHir+1X1I1+phxy3
https://paperpile.com/c/WfZi5S/lOhf4
https://paperpile.com/c/WfZi5S/cM8bq
https://paperpile.com/c/WfZi5S/ohJf5
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responses have a strikingly different profile from ON. Despite prominent responses to full-field 

ON stimuli across layers, there is a complete lack of response to full-field OFF stimuli. This 

suggests that the OFF pathway may emerge through a different mechanism than direct inversion 

of the photoreceptor input, which would yield responses to a full-field OFF stimulus. One 

possibility is that the OFF pathway receives input from a subset of ON neurons that have 

completely suppressed the response to a full-field stimulus. A more intriguing possibility is that 

the mechanisms that generate OFF responses may rely directly on boundaries between light and 

dark regions, which would explain why OFF responses are driven by localized dark stimuli (i.e. 

spots) that contain such edges, but not full-field stimuli, which do not. 

  

Additionally, we found differences in size selectivity for spots in the ON and OFF pathways 

(Figure 5A). While responses in the ON pathway decreased for larger spots, the responses to 

spots in the OFF pathway were roughly equal across the sizes of stimuli we measured. This 

implies a net bias toward the enhancement of responses to smaller stimuli in the ON pathway. 

Asymmetries in ON/OFF visual processing have been found in other species across the animal 

kingdom, and are thought to enhance ethologically relevant visual features to meet each animals’ 

specific visual demands56–60. The enhancement of responses to smaller stimuli in the ON 

pathway that we observed may be beneficial when processing visual scenes underwater, where 

light intensity is greatly attenuated by both absorption and scatter61. As a result, nearby objects, 

like potential prey, would tend to appear bright against a large, dark background. An OFF 

pathway biased towards larger stimuli might also aid in the detection of large, looming objects, 

which often represent predators. It will be interesting to see if such ON/OFF processing 

differences exist more broadly across cephalopods that occupy other ecological niches, 

particularly as these vary greatly in luminance levels and visual scene statistics62.  

 

 

Implications for Future Studies 

Our findings provide initial insight into how luminance and size information are processed 

within the different layers of the octopus optic lobe. However, both anatomical and 

https://paperpile.com/c/WfZi5S/oFVP+wpW7+3aCut+LeSwk+ey6Aw
https://paperpile.com/c/WfZi5S/RSxcY
https://paperpile.com/c/WfZi5S/SvRoe
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transcriptomic studies22,24,25,63 have revealed a high degree of cell type diversity within these 

layers, so the bulk response properties we examined here undoubtedly mask a high degree of 

underlying functional diversity. Identifying more detailed response properties within the parallel 

pathways of diverse cell types in this system will likely benefit from methods to record using 

genetically encoded calcium indicators, not yet available in cephalopods to date. Such an 

approach would also help address the challenge in associating activity in neural processes, which 

often dominate in invertebrate neurons, with individual neurons or populations of neurons64. 

 

More broadly, future studies based on these findings and methodology could explore the range of 

feature selectivity in the visual system of octopuses, as has been studied in other species, such as 

motion processing, orientation selectivity, object recognition, and lateralization of visual 

responses65,66. Additionally, this approach can be used to study aspects of visual responses that 

may be specific to cephalopods, such as the ability to detect stimuli based on the polarization 

angle of light67, or to extract information from the visual scene for camouflage11. Further studies 

may continue to reveal how the cephalopod brain performs the computations that enable the 

remarkable visual capabilities of these enigmatic creatures. 

 
Methods 
Experimental Model and Subject Details 

All studies were conducted with approved protocols from the University of Oregon Animal Care 

Services, in compliance with the Association for Assessment and Accreditation of Laboratory 

Animal Care International guidelines. Animal husbandry and protocols were carried out in 

accordance with published guidelines for the care and welfare of cephalopods in the 

laboratory68,69.  

 

Octopus bimaculoides were obtained from the Cephalopod Culture Program at the Marine 

Biological Laboratory (Woods Hole, MA) and from Aquatic Research Consultants (Dr. Charles 

Winkler, San Pedro, CA). Animals used were 4-8 weeks old and of indeterminate gender. 

Octopuses were kept in a 250 gallon closed circulating seawater system, held at 22°C and 

illuminated on a 12/12hr day/night light cycle. Each animal was kept in an isolated enclosure 

https://paperpile.com/c/WfZi5S/fWXWD+IzmAu+E5qfm+x9Hwn
https://paperpile.com/c/WfZi5S/2y9yK
https://paperpile.com/c/WfZi5S/ZImDe+zZe4w
https://paperpile.com/c/WfZi5S/Iraw3
https://paperpile.com/c/WfZi5S/3se42
https://paperpile.com/c/WfZi5S/zi4RP+vCjUQ
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within the system, allowing for ample freedom to roam, while keeping them isolated from 

potential cannibalism from counterparts. Each enclosure contained items that provided shelter 

(large shells, tubes) and environmental enrichment (smaller shells, Legos, beads, rotated 

weekly). Animals were fed a mixed diet of frozen shrimp, clams, and fish, offered daily.  

 

Method Details 

Calcium Imaging 

Animals were deeply anesthetized in artificial seawater (ASW) (460mM NaCl2, 10mM KCl, 

10mM glucose, 10mM HEPES, 55mM MgCl2, 11mM CaCl2, 2mM glutamine, pH 7.4) 

supplemented to contain 110mM MgCl2 at 13-15°C. When the animal was no longer responsive 

to a firm pinch test of the mantle, it was transferred to an oxygenated dish of a 30:70 mix of 

isotonic 370mM MgCl2 with ASW that was held between 13-15°C. Animals were then rapidly 

euthanized via decapitation and removal of the arm crown. A solution to dilate their pupils (10% 

phenylephrine HCl in ASW) was manually applied to the eyes. Dissection was performed to 

expose the brain and remove surrounding musculature and skin in order to reduce motion 

artifacts and increase optical access for recording. 

 

The ex vivo preparation of the central brain and both eyes was secured to a coverslip using 

cyanoacrylate (Vetbond, 3M). A dye solution of 1mM Cal-520 AM (AAT Bioquest), 2.5% 

Alexa Fluor™ 568 Hydrazide (Thermo Fisher), 8% dimethylsulfoxide, and 2% pluronic acid 

(AAT Bioquest) in ASW was injected into one of the optic lobes via a glass micropipette needle 

(Harvard Apparatus Cat. Num. 30-0038) using a pressure injector (ASI, Inc). Micropipettes with 

a tip diameter of 9μm were back filled with the dye solution via capillary loading. For each 

animal, three individual injection sites were used. Three 1sec pulse injections at 5PSI pressure, 

with a constant 1PSI back pressure, were performed along the track of each injection site, with 

each injection done closer to the surface of the lobe than the last by retracting the needle ~50μm 

between each. Injections were targeted to the superficial layers (IGL and superficial medulla) of 

the optic lobe to optimize dye delivery to areas that were optically accessible in the imaging set-

up. After injection, the preparation was covered in a thin layer of 4% low melt agarose in ASW 
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(Sigma) to secure it and to minimize movement. This paradigm was adapted from previous work 

in zebrafish45, see also70. 

 

The preparation was kept in a recording chamber filled with ASW and continuously oxygenated 

via an airstone to maintain tissue viability71. The recording chamber consisted of a 

7.6cmx7.6cmx5cm plastic box (TAP Plastics) where one side was replaced with a white 

diffusing glass (Edmund Optics, Cat. Num. 02-149) to serve as a projection screen for visual 

stimuli. The coverslip with the mounted preparation attached was secured to a custom-built 

rotatable platform within the recording chamber to allow for alignment of the preparation to the 

stimulus screen. The eye ipsilateral to the loaded dye was placed 2cm from the screen for 

recordings, with the contralateral eye facing away from the screen. The chamber temperature 

was monitored and held between 17-22°C.  

 

Due to the need for the calcium indicator to be taken up into cells and then for the AM moiety to 

be cleaved, resulting in fluorescence, the preparation was kept in the dark under the two-photon 

microscope for 30-45 minutes before recording began. During this time we periodically 

examined the preparation for fluorescence and visual responses using a brief (<1sec) presentation 

of a flashing full field white stimulus. Experiments began after ~30-45 minutes, when the 

fluorescent loading had plateaued and visual responses were apparent. 

 

Calcium imaging was performed with a two-photon microscope (Neurolabware Inc.), using a 

16X Nikon CFI75 LWD objective, via the Scanbox software package for Matlab 

(MATHWORKS). Data were acquired at a 10Hz framerate, with an 800x800μm (796x796 pixel) 

field of view. Recordings were taken at 90 to 170μm depths from the dorsal surface of the optic 

lobe.  

 

Visual Stimuli 

Custom generated visual stimuli, rendered using the PsychToolbox package for Matlab72, were 

displayed with a pico LCD projector (AAXA Technologies) onto the diffusing glass on the side 

of the recording chamber. To avoid light from the stimulus entering the two-photon detection 

https://paperpile.com/c/WfZi5S/RuANO
https://paperpile.com/c/WfZi5S/upENC
https://paperpile.com/c/WfZi5S/J6UiH
https://paperpile.com/c/WfZi5S/N1KIY
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pathway, the projected light was passed through a 450/50 bandpass filter (Chroma Technology 

Corporation), avoiding overlap with the emission spectrum of the Cal-520 calcium dye and the 

bandpass 525/50 emission filter of the microscope. The stimulus bandpass filter also restricted 

the stimulus light to be within the known absorption spectrum of cephalopod photopigments26. 

Stimuli were gamma-corrected in software and presented at 60FPS.  

 

ON and OFF stimuli were presented as full contrast increments and decrements of light on a 50% 

luminance gray background. Initial mapping was performed using a stimulus consisting of full 

contrast ON (100% luminance) and OFF (0% luminance) rectangular spots (24x18deg) on a 6x4 

grid spanning the projection screen, presented in a random order for a one second duration, for a 

total recording time of 5min. This stimulus was also repeated at the end of the experimental 

session to confirm stability and viability of the preparation. Full RF mapping was performed 

using a sparse noise stimulus, consisting of white and black spots (radius = 3, 6, 12 deg; density 

= 10%) on a gray (50% luminance) background, along with full-field white or black on 2% of 

frames. Each stimulus frame was presented for 1sec in a randomized order for a total duration of 

10min. Preparations were kept in the dark for 10min between each stimulus set presentation. The 

results of presenting each stimulus set once to each of six animals are shown here. In some 

preparations additional stimuli were presented at the same or other recording locations but are 

not included in this study. Recordings reported here were taken 2-5.5 hours after injection. 

 

Quantification and Statistical Analysis 

Data Analysis 

Data analysis was performed using custom software in MATLAB. We applied a rigid alignment 

of imaging data using the sbxalign function in Scanbox (Neurolabware, Inc.). In order to detect 

large movements that were not corrected by the alignment algorithm, for each frame we 

calculated the pixel-wise correlation coefficient to the mean image. Frames with less that 90% 

correlation were discarded from further analyses.  

 

We calculated the fluorescence activity (dF/F0) at each pixel as the standard (F(t) - F0) / F0, 

where F(t) is the fluorescence intensity of the pixel on each frame and F0 is the median 

https://paperpile.com/c/WfZi5S/eug4g
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fluorescence intensity of the pixel across the recording. To analyze local responses, we defined 

“units” as a 20μmx20μm wide square window, centered on local peaks within the mean 

fluorescence that were above the background fluorescence, to ensure that only areas with 

sufficient dye loading were analyzed. dF/F0 for each unit was calculated as the mean dF/F0 

across pixels within the unit. Units were manually assigned to anatomical layers (OGL, IGL, 

Plex, and Med) based on location within the mean fluorescence image from the recording 

session.  

 

To analyze receptive fields (RFs), based on the sparse noise stimulus, we first calculated the 

evoked response, 𝑟(𝑡), for each frame as the mean dF/F0 across the one second duration of 

stimulus presentation, minus the mean dF/F0 in the preceding 300msec. RFs were calculated by 

reverse correlation between the each stimulus frame, 𝑠(𝑥, 𝑦, 𝑡), and the evoked response to that 

frame.  

𝑅𝐹(𝑥, 𝑦) 	= 	-⬚
⬚

"

𝑠(𝑥, 𝑦, 𝑡) ∗ 𝑟(𝑡)	/	-⬚
⬚

"

𝑟(𝑡)	 

We computed the z-score for each RF based on the maximum absolute value of the RF, divided 

by the standard deviation across pixels. We used a z-score of 5.5 as the threshold for significant 

responses. 

 

In order to analyze RF size and location, we fit each RF to a Gaussian function, defined as 

𝑅𝐹#$"(𝑥, 𝑦) 	= 𝐴 ∗ 𝑒𝑥𝑝((𝑥 − 𝑥%)&	/	2𝜎'& 	+ 	(𝑦 − 𝑦%)&	/	2𝜎(&) 	+ 	𝐵 

We used 𝑥%, 𝑦% as the receptive field center, and computed RF radius as (𝜎'⬚+𝜎(⬚)/2. To 

quantify topographic maps, we performed a linear regression for each recording for responses to 

both azimuth and elevation, as a function of each unit’s location within the optic lobe from the 

Gaussian fit, and used the coefficient of determination and standard deviation of residuals 

(scatter) as metrics of retinotopy. 

 

Statistical Analysis 



 
 

44 
 

 

 

Statistical tests for comparison of responses across populations within the optic lobe were 

performed using a t-test. To account for the nested design (many units per recording) of this 

analysis, all statistical tests were performed at the level of recordings, rather than total number of 

units recorded. Summary statistics in text and figures are presented as mean +/- standard error, 

unless otherwise noted.  
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Introduction 
Cephalopods represent a unique branch of the animal kingdom for studying vision. Coleoid 

cephalopods (octopuses, squids, and cuttlefish) have the largest brain among invertebrates1–3, 

much of which is comprised of areas dedicated to visual processing: the optic lobes4,5. Their 

visual system facilitates a range of behaviors such as navigation, prey capture, and complex 

camouflage1,6–8. However, the neural basis of central visual processing in cephalopods is largely 

unknown. 

  

Despite diverging over 500 million years ago, octopuses independently evolved camera-type 

eyes similar to those of vertebrates9. However, the neural organization of structures that process 

visual information is dramatically different in the two lineages. In contrast to the vertebrate 

retina, which is an intricate neural circuit with a diversity of cell types, the octopus retina 

consists only of photoreceptors and supporting cells10,11. The photoreceptors send axons into the 

central brain, targeting the optic lobes that lie directly behind the eyes10 (Figure 1A). The optic 

lobes, which make up approximately two-thirds of the octopus’ central brain12,13, are where the 
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bulk of visual processing is hypothesized to occur12–14. Optic lobe outputs project to deeper brain 

regions, including those involved in learning/memory and motor behavior12,15–19.  

 

Figure 1. Laminar organization of O.bimaculoides optic lobes 
(A) Schematic showing the octopus central nervous system, which includes optic lobes behind each eye and the 
central brain in between.  
(B) Overview of one optic lobe and eye. Nuclei are stained with DAPI. Scale bar indicates 200 um. Red box denotes 
the region shown in C. OGL, outer granular layer; PL, plexiform layer; IGL, inner granular layer; MED, medulla.  
(C) Laminar organization of the optic lobe demonstrated by nuclear staining of a cross-section. Scale bar indicates 
50 um.  
(D) Schematic of the anatomical organization of the visual system, in terms of neuronal morphologies, adapted from 
5. 
 
Histological studies by Young5 have provided a description of the optic lobe’s anatomical 

organization and neuronal morphologies (Figure 1B-D), which we briefly summarize here. The 

outermost region of the optic lobe is a cell body layer, termed the outer granular layer (OGL). 

The OGL contains cells traditionally referred to as amacrine cells based on their morphology18,20, 

which have multipolar processes that ramify within the plexiform layer (PL) below the OGL. 

The PL is a dense neuropil and is the primary termination site of photoreceptor axons, optic lobe 

neuronal processes, and projections from deeper brain regions12,20. Below the PL is another cell 

body layer, the inner granular layer (IGL), which has a varied population including (1) neurons 

with bipolar morphology, (2) neurons that send centrifugal axons back to the retina, and (3) 

neurons of amacrine morphology with processes in the plexiform layer12,18. Finally, a deeper 

structure termed the medulla comprises the bulk of the optic lobe. The cells within the medulla 

are organized in a branching tree-like fashion which, in cross-section, appear as islands of cell 

bodies surrounded by neuropil21. The superficial region of the medulla is organized into columns 
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and is referred to as the outer radial columnar zone, whereas the deeper region of the medulla 

includes processes that extend tangentially and is termed the central tangential zone5. Given the 

anatomical organization, it has been hypothesized that the outer layers of the optic lobe (OGL, 

PL, IGL) may perform similar functions to the vertebrate retina, leading it to be termed the “deep 

retina”22, while the medulla may engage in higher order processing analogous to central visual 

areas in other species12.  

 

While the anatomy of these cell classes suggest an organizational foundation, fully 

understanding the neural circuitry necessitates knowledge of the molecular identities of these cell 

types, including both functional determinants (e.g. neurotransmitter and receptor repertoires) and 

developmental determinants (e.g. transcription factors and adhesion molecules). Recent 

molecular taxonomies in other species have provided new insight into the circuit organization of 

a number of brain regions including the fly visual system23, the mouse and primate retina24,25 and 

the mouse visual cortex26. We therefore sought to create a systematic molecular characterization 

of the octopus visual system by combining single-cell RNA sequencing (scRNA-seq), to 

determine transcriptional cell types, with multiplexed RNA fluorescence in situ hybridization 

(FISH), to determine the location of these cell types within the optic lobe.  

  

Results 
ScRNA-Seq of the Octopus Optic Lobe 

We performed scRNA-seq in juvenile (1.5 months of age) Octopus bimaculoides. Despite their 

continued growth throughout their lifetime (1-2 years), the overall body organization, behavior, 

and visual system of O. bimaculoides are mature by this age27,28, allowing us to identify neural 

circuitry involved in a fully functioning, yet still growing, visual system. We performed 

Chromium 10x sequencing of cells from the optic lobes of two animals, processed separately as 

biological replicates, and aligned reads to an updated genome assembly and gene annotation 

using CellRanger (see Methods, Figure S1 and Table S1).  

 

A robust scRNA-seq analysis requires a contiguous genome with accurate, full-length gene 

annotations. The first genome assembly of O. bimaculoides (Octopus_bimaculoides_v2_0) is 
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broken into over 150,000 scaffolds, with many split or truncated gene annotations. Alignment of 

our single cell reads to this genome therefore resulted in low mapping. To resolve this, we used 

single molecule high fidelity (HiFi) sequencing to create a new contig level genome assembly 

and combined new Iso-seq reads with existing bulk RNA-seq data to generate an improved 

genome annotation (see Methods, Figure S1 and Table S1) containing 5,437 contigs and 18,896 

gene annotations. The new assembly is more contiguous and helped lengthen the 3’ ends of 

many annotated genes, capturing more reads (Figure S1) and thus achieving higher resolution.  

 

Using standard filtering, normalization, integration and clustering in Seurat29,30, we identified a 

total of 28,855 cells across two biological replicates. Our analysis resulted in a total of 41 

clusters, where each sample contributed cells to all of the identified clusters in similar 

proportions, supporting the reproducibility of this approach (Figure S2). 

 

We first sought to broadly characterize the identified clusters in terms of neuronal and non-

neuronal populations (Figure S3). We used a homologous sequence identifier, OrthoFinder31, to 

assign gene-family and orthology relationships using genes from Drosophila, vertebrates, and 

other cephalopod species (see Methods, Figure S3A for example gene trees). Genes that were not 

assigned to orthology groups by OrthoFinder were manually annotated using NCBI BLAST32 if 

possible. Throughout, we name the octopus genes according to their assigned identity: e.g. 

synaptotagmin (syt), as summarized in Table S2, although we note that these assignments may be 

improved as our understanding of gene homology in cephalopods advances. 

 

We expected a large proportion of the cells to have high expression of genes related to mature 

neurons, as well as potentially developing neurons, as the octopus brain continues to grow and 

add neurons throughout its lifetime33. To identify neurons within our scRNA-seq data, we first 

looked at the expression of genes related to synaptic vesicle release. We found that most clusters 

(33/41) expressed the O. bimaculoides SNARE genes, while only seven were likely to be non-

neuronal, based on the absence of expression of these markers (Figure S3). The non-neuronal 

clusters represented ~8% of the cells and had relatively high expression of genes falling within 

gene families with functions consistent with proliferation, blood, endothelium, and glia (Figure 
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S3). We used FISH to localize expression of non-neuronal genes and found several to be 

primarily expressed outside of the optic lobe (see Figure S3 for further characterization). We 

therefore removed these clusters from subsequent analyses that aimed to delineate neuronal cell 

types, which included a total of 26,092 cells across 33 clusters. 

 

Figure 2. scRNA-seq reveals six major neuronal classes 
(A) UMAP of putative neuronal clusters. A total of 33 clusters are color-coded based on major cell classes.  
(B) Feature plots showing expression patterns of marker genes for neurons (syt) and neurotransmitter phenotypes 
(dopaminergic cells (dat), glutamatergic cells (slc6a15/18), cholinergic cells (vacht), orcokinin cells (orc), and 
octopaminergic cells (tyrbh).  
(C) Dot plot of markers delineating molecular cell classes.  

Figure 2. Single-cell RNA sequencing of Octopus bimaculoides optic lobes reveals six major neuronal classes
(A) UMAP of putative neuronal clusters. A total of 33 clusters are color-coded based on major cell classes. Each dot represents a cell 
and dis/similarity of transcriptional profiles is represented via distance between cells.
(B) Feature plots showing expression patterns of marker genes for neurons (synaptotagmin, (syt)) and neurotransmitter phenotypes 
(dopaminergic cells (dat), glutamatergic cells (slc6a15/18), cholinergic cells (vacht), orcokinin cells (orc), and octopaminergic cells 
( t y r b h ) . 
(C) Dot plot of markers delineating molecular cell classes. The expression of each gene is denoted in color intensity, and the percent 
of cells within a cluster expressing a given gene are represented through dot size.
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(D) Bar graph indicating total number of cells in each cluster as colored in (A) as well as the relative proportion of 
each cell class across the entire population of neurons in the optic lobe. See also Figures S1-S4, Tables S1-S2 
 
To further explore the potential neural cell type classes within the scRNA-seq clusters, we first 

examined the expression patterns of markers for neurotransmitter usage (Figure 2). Previous 

work identified dopamine, glutamate, and acetylcholine as the primary neurotransmitters used in 

the cephalopod optic lobe34, so we looked for standard markers of these neurotransmitter types 

based on their biosynthetic and vesicular packaging pathways (dopamine transporter (dat), 

vesicular glutamate transporter (slc17a7, or vglut), vesicular acetylcholine transporter (slc18a3, 

or vacht), and choline acetyltransferase (chat)) (Figures 2B-C, S4). In addition, we identified a 

gene in the solute carrier gene superfamily (slc6a15/18), which acts to support glutamate 

synthesis via transport of glutamate precursors35 and was closely co-expressed with vglut in both 

scRNA-seq data (Figure 2C) and FISH (Figure S4). We used slc6a15/18 as an additional marker 

of glutamatergic neurons along with vglut, since, despite strong FISH signal, we found a 

relatively low number of scRNA-seq reads aligned to vglut, which may be due to an incomplete 

gene model for this gene.  

 

Together, scRNA-seq expression of neurotransmitter markers delineated the majority of putative 

neurons (22/33 clusters) into four broad classes defined by either unique or combinatorial 

expression of these genes (Figure 2B-C). Each of these broad categories consisted of a number of 

unique clusters (Figure 2A, C), suggesting further cell type heterogeneity within. In addition, two 

smaller neuronal clusters were identified, one of which did not express markers for any 

neurotransmitters, but did express the neuropeptide orcokinin (orc) (Figure 2B) and another that 

expressed a combination of dat and a marker for octopamine synthesis, tyramine beta-

hydroxylase (tyrbh), previously identified in octopus optic lobe neurons36. We did not find a 

significant population of GABAergic neurons (based on expression of glutamate decarboxylase 

(gad), Figure 2C), consistent with previous findings of the minimal role of GABA in the optic 

lobe37.  

 

Finally, we found a large population of cells (9 clusters) that appear to be immature neurons, 

based on higher expression levels of early neural specification genes (i.e. embryonic lethal 

https://paperpile.com/c/BHHX0y/UYIWU
https://paperpile.com/c/BHHX0y/39JaN
https://paperpile.com/c/BHHX0y/kDmyk
https://paperpile.com/c/BHHX0y/KwdCy
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abnormal vision (elav) and CUG triplet repeat RNA binding protein (celf)), lower levels of genes 

involved in synaptic transmission, and no expression of any neurotransmitter markers (Figures 

2C, S3). As described below, this class of cells expressed a diversity of evolutionarily conserved 

developmental genes and distinct subgroups had expression profiles suggestive of a relationship 

to distinct mature cell clusters.  

 

Taken together, these findings support the idea that the scRNA-seq data captured expression 

profiles of unique classes of mature and immature neurons in the optic lobe. We used these data 

to delineate molecular cell types and assign them to an anatomical organization within the 

octopus optic lobe. 

 

A Molecular and Spatial Taxonomy of Mature Neural Cell Types  

Our scRNA-seq data show that neurotransmitter usage divides the majority of octopus optic lobe 

neurons into four large classes – dopaminergic, dopaminergic+glutamatergic, glutamatergic, and 

cholinergic neurons – along with two smaller classes that utilize orcokinin or octopamine. To 

examine the localization of the four major neurotransmitter cell clases within the optic lobe, we 

performed FISH for dat, slc6a15/18, and vacht (Figure 3). Each of these neurotransmitter 

markers showed a distinct pattern of expression within the cell body layers of the OGL, IGL, and 

medulla (Figure 3B). Dopaminergic (dat+) cells were found predominantly in the OGL, with 

sparser expression in the IGL and medulla. Glutamatergic cells (slc6a15/18+, and see vglut in 

Figure S4) were found across the optic lobe, including in some dat+ cells in the OGL and IGL. 

Cholinergic cells (vacht+, and see chat in Figure S4) were restricted to the IGL and the medulla. 

As suggested by the scRNA-seq data (Figure 3A), glutamatergic and cholinergic neurons are 

segregated in their spatial expression patterns – both are expressed in non-overlapping cells in 

the IGL and medulla, with slc6a15/18+ expressed more strongly in the tangential region of the 

medulla and vacht+ expressed more strongly in the radial columnar region (Figure 3B). These 

mappings confirm that the scRNA-seq data identified distinct populations of neurons that 

correlate with distinct anatomical spatial expression patterns.  
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Figure 3. Neurotransmitter usage divides the majority of cells into four large populations 
(A) UMAP of overlay of dat, slc6a15/18, and vacht expression.  
(B) FISH of dat, slc6a15/18, vacht, with nuclei stained in DAPI, and merged FISH of the three neurotransmitter-
related genes. Scale bars represent 100um. Here and below, merged images are shown without DAPI to emphasize 
relative expression patterns.  
See also Figure S4, Table S2 
 

Within each of the large neurotransmitter-defined populations, further transcriptional 

heterogeneity was present, suggesting that the clusters within these populations may correspond 

to neuronal subtypes (Figure 2). We sought to determine if such cell types, as identified by their 

unique gene expression profiles, would occupy distinct anatomical locations within the optic 

lobe. 

 

Dopaminergic Neurons 

In the scRNA-seq data, dopaminergic neurons spanned seven clusters (Figure 2), and dat+-only 

neurons were predominantly localized to the OGL (Figure 3B). We examined gene expression 

across dat+ clusters and found two subgroups defined by the complementary expression of either 

the homeobox transcription factor six4/5 (clusters 12-17) or the neuropeptide fmrf (clusters 10-

11) (Figure 4A). Across model species, the six family of genes are key regulators in head 

development38, eye specification, and retinal determination39–41. fmrf neuropeptides are known to 

regulate a variety of functions in mollusks42, including reproduction43 and chromatophore 

https://paperpile.com/c/BHHX0y/sCekg
https://paperpile.com/c/BHHX0y/JTD1n+5FMtm+IDPKh
https://paperpile.com/c/BHHX0y/USjvO
https://paperpile.com/c/BHHX0y/TL2kY
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control44,45. FISH revealed that within the dat+ cells in the OGL, the six4/5+ population 

represented a broad sub-layer of neurons in the middle of the OGL, while fmrf expression 

corresponded to a sub-layer of neurons deeper in the OGL, along the border of the plexiform 

layer. Thus, the dat+-only cells contain two subtypes that are differentiated by expression of a 

homeobox transcription factor and a neuropeptide respectively. Notably, these are mainly 

localized within the OGL and hence likely represent a subset of the amacrine neurons of 

Young’s anatomical classifications5. 

 

Expression heterogeneity of additional genes suggested these two dopaminergic cell groups can 

be further subdivided. The clusters within the six4/5+ group differentially express several genes 

encoding neuropeptides (pxfv, lxgkr, and flri) which are largely non-overlapping, though FISH 

reveals a low level of co-expression (Figure 4A, see Figure 7D). This set of neuropeptides is 

particularly interesting as they were manually assigned identities based on repetitive protein 

sequences, but there is little information regarding their function in other organisms, let alone 

cephalopods. Further, a subset of cells within the fmrf+ group expresses the adhesion molecular 

dscam, which has been shown to mediate cell-type specific self-avoidance among dopaminergic 

amacrine cells46 and sublayer-specific connectivity in amacrine and bipolar cells47 in the 

vertebrate retina. dscam+ cells form a discrete narrow band along the deep border of the OGL 

and the plexiform layer (Figure 4A), suggesting dscam could play a role in assigning their 

sublayer specificity. Together, these data demonstrate further heterogeneity within dopaminergic 

cell types in the OGL, identifying laminar organization from the superficial to deep layers. 

 

Dopaminergic + Glutamatergic Neurons 

Based on the co-expression of dat and slc6a15/18 in both the scRNA-seq and FISH data, we 

sought to further delineate this cell class. The scRNA-seq clusters with overlapping dat and 

slc6a15/18 expression suggested that two prominent groups, clusters 5/6 and 37, might 

correspond to subtypes. Furthermore, the expression of dat and slc6a15/18 significantly 

overlapped in both the OGL and IGL, suggesting that these two locations might correspond to 

the two groups (Figure 3A-B). 

 

https://paperpile.com/c/BHHX0y/XBqCn+HxCac
https://paperpile.com/c/BHHX0y/gqwGj
https://paperpile.com/c/BHHX0y/x7BNs
https://paperpile.com/c/BHHX0y/O150U
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Figure 4. Anatomical organization of major cell classes and subtypes based on scRNA-seq and FISH 
(A) Dopaminergic neuron organization. dat+ cells are divided into two major subtypes based on the additional 
differential expression of either six4/5+ or fmrf+, depicted through FISH and scRNA-seq feature plots. 
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Corresponding cell classes are outlined in black on the feature plots, nuclei are stained with DAPI (blue), and scale 
bars represent 50um. 
(B) Neuron organization for scRNA-seq clusters that co-express dat and slc6a15/18.  
(C) Glutamatergic subtype neuron organization. 
(D) Cholinergic subtype neuron organization. 
(E) Orcokinin neuron organization. 
(F) Octopaminergic neuron organization. From left to right: tyrbh, pcdh-obimac0009200, double FISH of tyrbh and 
pcdh-obimac0009200, and a single FISH of sema5.  
See also Table S2, Methods S1 
 

The currently uncharacterized gene obimac0010569 (see Methods S1 for further information) 

was uniquely expressed in cluster 37, and FISH revealed that these cells were located in the OGL 

(Figure 4B). This represents an additional population of OGL neurons, beyond the dopaminergic 

neurons discussed above. On the other hand, a nicotinic acetylcholine receptor (nachr) was 

expressed in clusters 5/6, and these were localized to a broad band in the IGL (Figure 4B). 

Together, these data demonstrate that the scRNA-seq dopamine+glutamatergic clusters consist of 

two distinct subtypes, one in the OGL (obimac0010569+) and one in the IGL (nachr+). 

 

Glutamatergic Neurons 

We next focused on the subtypes of putative glutamatergic neurons, which include several 

smaller clusters (33-34, 28) in addition to a set of larger clusters (29-32) (Figure 2A). Examining 

genes in the smaller clusters revealed that these contain further subtypes. The first cluster (33) 

was defined by hedgehog (hh), a signaling molecule involved in axon guidance and patterning in 

the nervous system across many species48. FISH showed that hh+ cells are mainly restricted to a 

narrow band of neurons in the most superficial OGL, identifying yet another subtype within the 

OGL (Figure 4C). A second cluster (34) is marked by the voltage gated calcium channel gamma 

subunit 5/7 (cacng), which FISH demonstrated corresponds to a narrow band of neurons at the 

border of the IGL and medulla (Figure 4C). Finally, a third cluster (28) specifically expressed a 

member of the leucine-rich repeat family of cell adhesion molecules (lrrc15), which is involved 

in cell-type specific synaptic connectivity in fly and mammalian nervous systems49. This group 

was localized to the deeper region of the medulla (Figure 4C). Within the larger set of 

glutamatergic clusters (29-32), we found that a subset of neurons express vesicular amine 

transporter 1 (slc18a1, or vat1), which FISH demonstrated to also be localized to cell bodies in 

https://paperpile.com/c/BHHX0y/VxFEM
https://paperpile.com/c/BHHX0y/KLqpn
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the deeper region of the medulla (Figure 7F). Thus, the glutamatergic neurons primarily 

constitute a large population of cells within the medulla, along with two subtypes with highly 

specific sublayer localization within the outer OGL and inner IGL.  

 

Cholinergic Neurons 

The last neurotransmitter class of cells in the octopus optic lobe is the putative cholinergic 

neurons. scRNA-seq data revealed a large population of cells (clusters 7-9) and a much smaller 

population (cluster 35) that both express vacht, a marker for cholinergic transmission. FISH for 

vacht showed that cholinergic neurons are located throughout the medulla, with more restricted 

expression in IGL (Figures 3B, 4D). Moreover, the scRNA-seq data revealed that clusters that 

comprise this larger population can be delineated based on the expression of family members of 

two homeobox transcription factors, nkx2 and otx. FISH for these two markers demonstrated that 

the nkx2+ population is located in the IGL and superficial region of the medulla, while the otx+ 

population is not expressed in the IGL and, instead, is found throughout the medulla (Figure 4D). 

In exploring the scRNA-seq data, we found that the nkx2+ cluster also expresses a protocadherin 

(obimac0026462), and FISH confirms that obimac0026462+ cells are expressed both in the IGL 

and medulla (Figure 7E).  

 

We observed that neurons in the smaller cholinergic cluster (35) selectively express nitric oxide 

synthase (nos), suggesting that they represent a distinct cell type that uses this neuropeptide as a 

signaling molecule in addition to acetylcholine. FISH for nos revealed these neurons form a 

narrow sub-layer within the superficial to central IGL (Figure 4D). scRNA-seq data show that 

nos+ cells and the glutamatergic cacng+ cells, both in the IGL, also express an unidentified gene 

obimac0022194 (see Methods S1), suggesting that these clusters may have some shared function 

based on expression of this unidentified gene.  

 

Thus, the cholinergic neurons constitute a large population of the IGL and medullar cells, with 

distinct anatomical positions defined by a small sub-layer of nkx2+ cells in the IGL and 

superficial medulla, otx+ cells throughout the medulla, and nos+ cells mainly in the superficial 

IGL. 
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Orcokinin and Octopaminergic Neurons 

We sought to determine the identity of the two remaining mature neuronal clusters (37 and 4), 

which were defined by highly specific expression of orc and tyrbh, respectively (Figure 2A-C). 

Cluster 37 did not express any of the neurotransmitter markers we assessed, but was demarcated 

by the expression of the neuropeptide orc, and FISH revealed that orc+ cells are a sparse, 

scattered population throughout the deeper region of the medulla (Figure 4E). The final cluster of 

mature neurons, cluster 4, selectively expressed a number of genes, including tyrbh, the synthetic 

enzyme for octopamine, generally considered to be the invertebrate analog of norepinephrine50, 

which plays a role in arousal and other aspects of behavioral state across species. FISH showed a 

discrete population of octopaminergic tyrbh+ neurons in the OGL (Figure 4F). Among the other 

genes that were unique to this cluster is a protocadherin family member (obimac0009200), which 

co-expresses with tyrbh exclusively in the OGL (Figure 4F), and semaphorin-5 (sema5), which is 

highly expressed in the same region of the OGL, along with some expression throughout the 

medulla (Figure 4F). Thus, this cluster also expresses genes that serve as adhesion molecules 

(protocadherin obimac0009200) and axon guidance cues (sema5) in the visual system of other 

species51,52.  

 

Immature Neurons 

Finally, we examined the putative immature neuronal clusters, representing 31% of all neurons, 

which were identified in the scRNA-seq data based on lower expression of syt and the absence of 

mature neurotransmitter markers. We observed that in the U-MAP these clusters were organized 

into several ‘arms’, suggesting that they may represent discrete populations of developing 

neurons associated with mature cell types (Figure 2A). One unidentified gene (obimac0011980) 

appears to encompass all nine immature clusters (Figure 5A-B, see Methods S1 for further 

characterization). The immature clusters can then be segregated into three subgroups that are 

demarcated by complementary expression of genes: a previously unidentified gene 

obimac0032150 which contains a tumor necrosis factor receptor domain (tnfr; clusters 18-20, 

27), myoneurin (mynn; clusters 22-24), and big brain (bib; clusters 25-26) (Figure 5A-B), all of 

which are known to play a role in neural development in other species. Since these three genes 

https://paperpile.com/c/BHHX0y/hiPQL
https://paperpile.com/c/BHHX0y/IAZiO+ivwRp


 
 

63 
 

 

 

segregate the population of immature neurons, we used FISH to identify the expression and 

examine their relationships to the location of the mature cell types described above (Figure 5C).  

 

Figure 5. Gene expression and spatial organization of putative immature neurons 
(A) Dot plot of genes expressed in immature neurons, with magenta line highlighting immature clusters. 
(B) Feature plot of uncharacterized cephalopod-specific gene obimac0019980, which demarcates the putative 
immature neuronal clusters, as well as three genes that define distinct subgroups within the immature neurons: tnfr, 
mynn, and bib.  
(C) FISH of the genes delineating the three subgroups shown in B, including a merged FISH. Throughout this 
figure, DAPI is shown in blue on individual FISHs, and scale bars indicate 100um.  

ob19980

mynn

tnfr

bib

B C

tnfr mynn bib merge

dchs

dlx

sox2

D E

dchs dlxsox2 merge

A −1 0 1 2
Average Expression Percent Expressed 0 25 50 75

efn
epha

plxna
sema2

dlx
sox2
dchs

bib
mynn

 tnfr
ob19980

18 19 20 27 22 23 24 25 26 10 11 12 13 14 15 16 17 5 6 36 28 29 30 31 32 33 34 7 8 9 35 37 4

Cluster

G
en

es

OGL
PL

IGL

MED

OGL
PL

IGL

MED



 
 

64 
 

 

 

(D) Feature plots of additional markers from development-related gene family trees demonstrating further cell type 
diversity.  
(E) FISH showing anatomical organization of the genes shown in D, including a merged FISH. 
See also Table S2, Methods S1 
 

In the first sub-group, tnfr expression appeared in scRNA-seq clusters that are transcriptionally 

related to mature clusters of cholinergic and glutamatergic neurons (Figures 2A, 5B), which are 

largely found in the medulla. FISH data for tnfr revealed more extensive expression in the 

medulla, compared to the other putative immature subtypes (Figure 5C). In the second sub-

group, scRNA-seq data showed that mynn, a zinc finger protein family member associated with 

neuromuscular synapse formation in mice53, is expressed in a number of clusters in the “arms'' 

leading to mature cell types for dopaminergic neurons of the OGL (Figures 2A, 5B). 

Correspondingly, FISH data shows that the mynn+ cell types border the plexiform layer along 

both the OGL and IGL, together with some cells in the medulla (Figure 5C). In the third 

subgroup, bib, a known neurogenic molecule in Drosophila54, was expressed in “arms” leading 

to the clusters that correspond to the two prominent clusters of dopaminergic+glutamatergic 

neurons (Figures 2A, 5B). We found bib was expressed most strongly, though not exclusively, in 

cells along the bottom borders of the IGL and OGL (Figure 5C). As mentioned above, all of 

these subgroup markers are also expressed throughout the medulla, suggesting they may 

represent the ongoing migration of immature neurons into the optic lobe. They also have 

increased expression in stratifications along the borders of the OGL and IGL, raising the 

possibility that the laminar borders may be an important locus for the incorporation of immature 

neurons.  

 

Other known developmental genes (Figure 5A, D) were expressed in the immature clusters in the 

scRNA-seq data, and we investigated the expression patterns of three of these genes using FISH: 

dschs, sox2, and dlx (Figure 5E). We also identified two receptor-ligand pairs that have well 

established roles in patterning the nervous system in vertebrates and other invertebrates51,55 - 

ephrin (efn)/Eph receptor (epha) and semaphorin-2 (sema2)/plexin (plxna) - all of which had 

complementary expression patterns to each other across the scRNA-seq data (Figure 6A-B). 

Graded expression of ephrins and semaphorins, and their respective receptors, play important 

https://paperpile.com/c/BHHX0y/AD6zY
https://paperpile.com/c/BHHX0y/2U07W
https://paperpile.com/c/BHHX0y/CpZeV+IAZiO
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roles in establishing large-scale organization during development in other species, including 

topographic map formation51,55. Notably, the ligand-receptor pair efn and epha were expressed in 

opposing gradients from superficial to deep in the optic lobe (Figure 6A). Likewise, sema2 was 

expressed in a gradient with strongest expression in the deep medulla, while its potential receptor 

plxna had stronger expression along the borders of the OGL and IGL (Figure 6B).  

 

 
Figure 6. Expression of conserved patterning molecules 
(A) Feature plots showing complementary scRNA-seq expression of an ephrin/Eph-receptor pair. FISH for these 
genes shows corresponding gradients of expression.  
(B) Feature plots showing scRNA-seq complementary expression of a semaphorin/plexin pair. FISH for these genes 
shows corresponding spatial patterns of expression. In A,B, nuclei are stained with DAPI in blue, and scale bars 
indicate 200 um. 
See also Table S2 
 

Together, these data demonstrate that these putative immature neurons are found in distinct 

anatomical locations with discrete subtypes that can be molecularly defined. Moreover, 

conserved families of developmental genes, as well as novel cephalopod- or octopus-specific 
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genes, define these subtypes, suggesting the possibility of both evolutionarily conserved and 

lineage-specific molecular mechanisms for development and function. 

 

Cell-Type and Sub-Layer Organization of Mature Neurons in the Optic Lobe 

A driving goal of this project was to identify the “parts list” of the octopus optic lobe and create 

an integrated model of cell type organization within their visual system. We therefore 

incorporated the findings for the mature neurons into a schematic spatial map of the optic lobe 

(Figure 7A-B). Here, we summarize this organization, and present multiplexed FISH data for 

markers within each layer to explicitly demonstrate the sub-layer organization. 

 
Figure 7. Summary of mature neuronal architecture 
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(A) UMAP showing cell subtypes in each neuronal class, along with annotation of spatial localization within the 
optic lobe. 
(B) Schematic of cell type organization of the optic lobe. Genes defining subtypes are color-coordinated to match 
their clusters in (A). 
(C) FISH showing sublayers of the OGL. Sublayers of OGL are demarcated from most superficial to deepest in 
order by expression of hh, six4/5, unidentified gene obimac0010569, and dscam. Throughout this figure, nuclei are 
stained with DAPI in blue, and, unless otherwise noted, scale bars represent 50um. 
(D) FISH of neuropeptides that subdivide dopaminergic neurons in the OGL. In order from most superficial to the 
deepest: pxvf, lxgkr, fmrf, and flri. 
(E) FISH showing sublayers of IGL based on expression of pcdh-obimac0026462 , unidentified gene 
obimac0022194, nachr, and cacng.  
(F) FISH showing organization of the medulla. The medulla has cell body islands with non-overlapping expression 
of populations of glutamatergic (slc6a15/18+) and cholinergic (vacht+) neurons, while vat1 is expressed in a subset 
of medulla cell bodies.  
See also Table S2, Methods S1. 
 

Outer Granular Layer 

We found four broad groups of cell types within the OGL (Figure 7C). First, a cluster of 

glutamatergic cells lines the most superficial aspect of the OGL, which also expresses hh. 

Second, one group of neurons from the dopaminergic+glutamatergic clusters is located in the 

central OGL, marked by an uncharacterized gene obimac0010569. Third, we identified a specific 

subset of octopaminergic neurons that co-expresses tyrbh and pcdh-ob09200. Finally, a diverse 

group of dopaminergic-only neurons spans sublayers of the OGL. This group falls into two 

major divisions: six4/5+ in the central OGL and dscam+ in the deep OGL. Notably, the 

expression of neuropeptides within the dat+ group also shows a progression across the depth of 

the OGL (Figure 7D).  

 

Inner Granular Layer 

We found significant cell type diversity within the IGL (Figure 7E), consisting of at least four 

neuronal cell types with distinct sub-layer expression patterns. The largest population of cells 

therein consists of neurons from one of the dopaminergic+glutamatergic clusters, which forms a 

distinct band as identified by expression of an nachr. A small population of cholinergic neurons 

expressing nos lines the superficial IGL (obimac0022194+ is shown in Figure 7E as proxy for 

nos+ cells), while a sub-group of glutamatergic neurons (cacng) lines the deep IGL. In addition, 

the nkx2+ cholinergic group spans from the IGL into the medulla (Figure 7E includes 

obimac0026462 in place of nkx2).  



 
 

68 
 

 

 

 

Medulla 

The medulla comprises a majority of the octopus optic lobe, and largely consists of two distinct 

populations of glutamatergic and cholinergic neurons (Figure 7F), with glutamatergic neurons 

more prevalent in the central tangential region. Notably, these are intermingled within the cell 

body “islands” of the medulla, suggesting that, at least at the level of these two large populations, 

there is no functional segregation across the islands. However, there are apparent distinctions in 

gene expression across the depth of the medulla. Within the cholinergic group, nkx2+ neurons 

are more superficial, while otx+ neurons are located throughout the medulla (Figure 7B). In 

addition, there is a superficial-to-deep gradient of vat1 expression that is shared across the 

cholinergic and glutamatergic neurons (Figure 7F). Finally, there are sparse populations of 

neurons that express extremely high levels of neuropeptides (Figure 4A, E). It is possible that 

these represent neurons projecting to downstream brain regions where these neuropeptides could 

play a role in regulating behavioral outputs12,16,18,19,56. 

 

Discussion 
This study provides a comprehensive molecular description of neural subtype organization of the 

optic lobe cell types, to complement the anatomical descriptions provided by Young5. In addition 

to identifying non-neuronal and developing cells in our dataset, we reveal six major cell classes 

of mature neurons and a number of subtypes within these that correlate with discrete locations of 

the optic lobe, uncovering previously unknown cell type diversity and sub-layer organization of 

the octopus visual system. This study thereby contributes to a recently growing literature on 

transcriptomics of the cephalopod nervous system57–59 and lays the basis for both the 

investigation of the role of distinct cell types in visual processing as well as the development of 

tools for targeting specific cell classes based on their molecular signatures. In addition to 

revealing the overall molecular architecture of the optic lobe, a number of the specific findings 

shown here have implications for elucidating the functional and development of the octopus 

visual system.  

 

https://paperpile.com/c/BHHX0y/pJLMi+pKUoT+Rt4vT+eE9sA+N3uKE
https://paperpile.com/c/BHHX0y/gqwGj
https://paperpile.com/c/BHHX0y/J6kUt+xknZl+fK2u4
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We found a wide array of cell types within the OGL, which was previously shown to consist of 

amacrine cells. Among the three broad classes of amacrine cells in the OGL that Young 

described5, we found at least eight clusters of specific cell types that all have distinct spatial 

localizations within sublayers of the OGL (Figure 7C-D). These cell types are defined by 

neurotransmitters (largely dopaminergic but also some glutamatergic), neuropeptides, a 

transcription factor (six4/5), an adhesion molecule (dscam), and a developmental signaling 

molecule (hh). This array of cell types bears a strong resemblance to the diversity of amacrine 

cells in the vertebrate retina, where over 60 amacrine cell types have been identified in mice60. 

However, in contrast to vertebrates, where amacrine cells primarily express the inhibitory 

neurotransmitters GABA or glycine61, in the octopus we find that OGL neurons are 

predominantly dopaminergic. Notably, there is a specific population of dopaminergic amacrine 

cells in the vertebrate retina62, and it has been shown that dendritic tiling in these amacrine cells 

is dependent on dscam46, which strikingly is also expressed in a subset of dopaminergic OGL 

cells here. Moreover, in the vertebrate retina, distinct amacrine cell classes have been linked to a 

range of specific visual computations63. It will be intriguing to see whether similar functions can 

be assigned to the diversity of cells within the OGL based on the markers we have identified. 

 

We identified a sparse but highly distinct population of neurons in the OGL that express tyrbh, 

the synthetic enzyme for octopamine. In both flies and mice, locomotion and arousal have 

profound effects on visual processing64–66, which, in flies, are mediated by octopamine67, and in 

mice are mediated in part by norepinephrine6850. Strikingly similar impacts of arousal on visual 

responses in octopuses were observed in an early study in the octopus EEG69, suggesting a 

potential similar role for this octopaminergic system.  

 

Another notable finding is the delineation of a large population of putative immature neurons 

within the octopus visual system. O. bimaculoides are born capable of feeding and living 

independently from hatching, relying on a variety of visually guided behaviors27,28. Despite this, 

octopuses continue to grow exponentially in size throughout their lifetime70, increasing their 

mass by approximately 10x every two months, including growth of the optic lobes and other 

brain regions71,72. Hence, the finding of such a large population of immature neurons is not 

https://paperpile.com/c/BHHX0y/gqwGj
https://paperpile.com/c/BHHX0y/Um0iG
https://paperpile.com/c/BHHX0y/ccjBw
https://paperpile.com/c/BHHX0y/gulJw
https://paperpile.com/c/BHHX0y/x7BNs
https://paperpile.com/c/BHHX0y/ghynB
https://paperpile.com/c/BHHX0y/3LQ8G+1wPBT+YFHhp
https://paperpile.com/c/BHHX0y/U5dXg
https://paperpile.com/c/BHHX0y/Kh2jc
https://paperpile.com/c/BHHX0y/hiPQL
https://paperpile.com/c/BHHX0y/NBqdX
https://paperpile.com/c/BHHX0y/diJn2+yBr5f
https://paperpile.com/c/BHHX0y/oiZFc
https://paperpile.com/c/BHHX0y/xBzKm+nQZV5


 
 

70 
 

 

 

surprising given the octopus’s need for neurogenesis in order to support such massive brain 

growth. It has recently been shown in octopus embryos that neurogenesis occurs outside of the 

optic lobe, followed by long-distance migration into the optic lobe73. Therefore the immature 

population we observe likely represents post-mitotic, developing neurons that have recently 

completed migration, rather than a neurogenic population within the optic lobe itself.  

 

In fish and birds, the visual system continues to grow throughout the animal’s lifetime by 

expanding along the periphery in a proliferative marginal zone74. By contrast, we find that the 

immature neuronal population in the octopus is broadly distributed tangentially across the optic 

lobe, though with potential radial stratification along the borders of the OGL and IGL. Future 

work examining the ongoing developmental expansion of the optic lobe will be needed to reveal 

how new neurons coordinate their integration into the fully functioning visual system of the 

growing octopus.  

 

We found genes associated with both the immature and mature cell types that may contribute to 

developmental establishment of identity, connectivity, and function, including both conserved 

(e.g. hh, dscam, nkx, bib, pcdhs) and novel (obimac0011980, obimac0010569) genes. We also 

identified subtypes within immature cell populations that are associated with mature neuronal 

cell types, suggesting different developmental trajectories and progenitor populations. Another 

striking developmental finding is the presence of complementary expression of ephrin/Eph-

receptor and semaphorin/plexin pairs in the optic lobe, suggesting that these receptor-ligand pairs 

may play a similar role in setting up the spatial organization of the visual system as they do in 

flies and vertebrates.  

 

Implications for Future Studies 

We note that although we have delineated a number of subtypes within the major populations of 

cells in the octopus optic lobe, there is almost certainly additional diversity to be explored in 

future studies. Indeed, studies of the vertebrate retina have progressed from the early delineation 

of five major neuronal cell types to our current understanding of the tremendous diversity within 

each of these, including 30+ cell types within the retinal ganglion cells alone75. This initial 

https://paperpile.com/c/BHHX0y/D6eBF
https://paperpile.com/c/BHHX0y/exN1R
https://paperpile.com/c/BHHX0y/HQgWj
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description of cell types for the octopus visual system that we provide here can serve as a basis 

for delving further into such diversity. 

 

In the current study, we defined cell types in the octopus visual system based on gene expression 

and related these cell types to their anatomical location. Future studies that relate these cell types 

to other aspects of neural identity, including anatomical morphology via single-cell labeling, 

downstream projection targets based on retrograde tracing, and visual response properties 

identified through calcium imaging, will be crucial in decoding cephalopod visual function. The 

molecular mapping we present here provides a roadmap for such studies and more generally 

provides a path forward towards cracking the functional, developmental, and evolutionary logic 

of the cephalopod visual system.  

 
Methods 
Experimental Model and Subject Details 

Octopus bimaculoides were obtained from the Cephalopod Resource Center at the Marine 

Biology Laboratory (Woods Hole, MA) and from Aquatic Research Consultants (San Pedro, 

CA). They were kept at the University of Oregon in a closed circulating 250 gallon aquarium 

system in artificial seawater, and fed daily on a rotating diet of frozen shrimp, crabs, and fish. All 

husbandry and experimental protocols were in accordance with the EU 2010/63/EU76 and 

AAALAC guidelines for the use and care of cephalopods for research. 

 

Method Details 

Genome Sample Collection and Sequencing 

Optic lobe tissue was dissected from an adult female O. bimaculoides for whole genome 

sequencing. Tissue was sent to the University of Oregon Genomics & Cell Characterization Core 

Facility (GC3F) for DNA extraction and sequencing. High molecular weight genomic DNA was 

extracted using a Nanobind Tissue Big DNA kit (Circulomics). A Pacific Biosciences standard 

HiFi library was prepped with a SMRTbell Express Template Prep Kit 2.0. Genomic DNA was 

sheared at 20kb target size with a Megaruptor 2 instrument (Diagenode). BluePippin size 

selection (Sage Science) was used to omit the smallest fragments (<10-14kb) to enrich for longer 

https://paperpile.com/c/BHHX0y/2M5Xd
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fragments. Two HiFi genomic circular consensus sequencing (CCS) SMRTbell libraries were 

prepared as input for five HiFi SMRT cells. Single molecule sequencing of both libraries was 

conducted with a PacBio Sequel II system. After sequencing, data was imported into SMRT Link 

to generate 5.8 million HiFi reads with the CCS algorithm and create fastq files. 

  

Four tissues were dissected from 6 week old juvenile octopuses to be used in Iso-Seq 

sequencing: optic lobe, central brain, retina, and arm. RNA extractions were performed using a 

RNeasy Plus Mini Kit (QIAGEN). A single bulk non-barcoded SMRTbell Iso-Seq library was 

prepared according to the manufacturer’s protocol (PacBio) by GC3F. A multiplexed Iso-Seq 

library was sequenced across a single PacBio Sequel II SMRT cell. IsoSeq3 in SMRT Link was 

used to generate fastq files containing 1.08 million full-length transcripts. 

 

Genome Re-assembly and Annotation 

We used HiFiASM v0.15.5-r35277 to assemble a contig-level genome with HiFi reads as input 

and default parameters. After initial assembly, duplications were removed using Purge_dups78. 

Protein-coding genes were annotated using existing bulk RNA sequences and our newly 

generated Iso-Seq data. Bulk RNA data was aligned to the genome assembly using Hisat v2.2.179 

and gene predictions were assembled with StringTie v2.1.680 using parameters -c 4 -m 200 -j 3. 

All other parameters were set to default. To generate gene predictions with Iso-Seq data, we 

mapped the full length, non-chimeric reads (FLNC) to the genome using minimap281 using 

parameters -ax splice -uf --secondary=no -C5 -O6,24 -B4. After alignment, cDNA_cupcake 

(https://github.com/Magdoll/cDNA_Cupcake) was used to collapse alignments into transcript 

models. Unique transcripts with degraded 5’ ends were filtered out of the final annotation file 

with filter_away_subset.py. StringTie and cDNA_cupcake annotations were combined using 

TAMA merge82 with parameters -e longest_ends -d merge_dup.  

 

The transcripts of the resulting gtf were used to run blastp against a Uniprot database and to run 

hmmer against the pfam database. The resulting hits were used as input for Transdecoder v5.5.0 

(https://github.com/TransDecoder/TransDecoder) to predict single best coding regions. The 

https://paperpile.com/c/BHHX0y/oimC9
https://paperpile.com/c/BHHX0y/wskNy
https://paperpile.com/c/BHHX0y/GWbbM
https://paperpile.com/c/BHHX0y/sU7dN
https://paperpile.com/c/BHHX0y/9kXJR
https://github.com/Magdoll/cDNA_Cupcake
https://paperpile.com/c/BHHX0y/Vke05
https://github.com/TransDecoder/TransDecoder
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existing mitochondrial genome and annotation were concatenated to the assembled genome and 

annotation files, respectively. This resulted in a final number of 18,896 gene annotations.  

  

Orthologous relationships between our predicted genes and those of distant species were 

identified using OrthoFinder v2.5.231. We used default parameters to cluster sequences into 

orthologue groups using sequences from eight species including Homo sapiens (hg38), Mus 

musculus (GCA_000001635.9), Drosophila melanogaster (GCA_000001215.4), Aplysia 

californica (GCA_000002075.2), Crassostrea gigas (GCA_902806645.1), Octopus sinensis 

(GCA_006345805.1), and Sepia pharaonis (GCA_903632075.3). For orthologue groups that 

contained fewer than four genes, a tree was not generated. These genes were manually annotated 

using NCBI BLAST32,83 to assign putative identity based on homology to deposited sequences in 

other species. Identities for putative neuropeptides (flri, fmrf, lxgkr, and pxfv) were assigned 

based on repeats within their predicted protein sequences.  

 

Cell Dissociation for scRNA-Seq 

Animals used for scRNA-seq were 6 week old juveniles with mantle lengths of 6.5mm-9.0mm. 

O. bimaculoides optic lobes were dissected on ice in Leibovitz-15 medium (Gibco) 

supplemented with 400mM NaCl, 10mM KCl, 15mM Hepes, 200 U/mL penicillin, and 0.2 

mg/mL streptomycin. Single cell dissociation was performed by incubating tissue in papain (1 

mg/ml; Worthington Biochemical Co) plus 1% DNase (10mg/ml in HBSS) in supplemented L-

15 medium for 10 min at RT. The cells/tissue were gently pipetted up and down several times to 

dissociate large chunks. The cells/tissue were incubated for another 10 min at RT, pipetted up 

and down several times, and quenched in wash solution containing 2.5M glucose, 5mM Hepes, 

and 5% FBS in CMFSS (12mM Hepes, 435mM NaCl, 10.7mM KCl, 21mM Na2HPO4, 16.6mM 

glucose). Dissociated cells were passed through a 40 μM cell strainer (Fisherbrand), washed 

again, and resuspended in L-15 medium. A final sample cell concentration of 2000 cells per 

microliter, as determined on a BioRad TC20 cell counter, was used for cDNA library 

preparation. Dissociated samples were prepared in tandem, on the same day.  

 

Single-Cell cDNA Library Preparation 

https://paperpile.com/c/BHHX0y/lHljm
https://paperpile.com/c/BHHX0y/AZRp9+SPoPB
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Sample preparation for two biological replicates was performed by the University of Oregon 

Genomics and Cell Characterization core facility (https://gc3f.uoregon.edu/). Dissociated cells 

were run on a 10X Chromium platform using 10x v.3 chemistry targeting 10,000 cells. The 

resulting cDNA libraries were amplified with 11 cycles of PCR and sequenced on either an 

Illumina Hi-seq or an Illumina Next-seq. 

 

RNA Fluorescence In Situ Hybridization 

Tissue collection for RNA fluorescence in situ hybridization consisted of juvenile octopuses (~4-

6 weeks in age, 7mm in mantle length), which were first anesthetized in 4% EtOH in Artificial 

Seawater prior to fixation. Anesthetic replaced the seawater in the octopus’ home chamber, and 

the chamber was placed on ice until the octopus was no longer ventilating or responsive. The 

mantle and arms were removed, leaving the central brain complex which was immediately 

placed into 10% Neutral Buffered Formalin. The brains were fixed for 24 hours at room 

temperature before being processed and embedded in paraffin and sectioned into 7um slices.  

 

Custom probes were designed and ordered through Advanced Cell Diagnostics (ACDBio) 

(Hayward, CA). We followed the protocol available for ACDBio RNAscope84, with minor 

changes to optimize it for use in paraffin-embedded octopus tissue. Briefly, we first removed the 

paraffin through baking, xylenes, and ethanol washes. We then fixed the tissue for 30 minutes in 

formalin at room temperature before dehydrating the tissue with an ethanol series. We proceeded 

with hybridization and target retrieval: 10min pre-treatment of H2O2, 12min target retrieval in a 

pressure cooker, and protease plus for 25min at 40C. Slides incubated with probes for 2 hours 

before going into washes and 5X SSC overnight. On Day 2, we proceeded with amplification 

and used the appropriate HRPs and opal dyes before adding the HRP block. For multiple probes, 

additional HRP conjugates were added in a series-wise manner (HRP, opal dyes, block) before 

slides were mounted with DAPI and ProLong Gold Antifade.  

 

Microscopy 

Slides were imaged on the Leica SP8 confocal at 40x. Confocal images were scanned in a z-

stack at 1um steps (2um steps for Figure S3) and were tiled. The resulting tiling merged image 

https://gc3f.uoregon.edu/
https://paperpile.com/c/BHHX0y/EydA7
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was then processed in FIJI85. The maximum intensity projection was generally taken across 8 

planes (13 for Figure 1, 9 for Figure 6, 5 for Figure S3). When applicable, background 

subtraction was applied with a rolling ball radius of 100 pixels. 

 

Quantification and Statistical Analysis 

Cluster Analysis 

The sequencing data were analyzed using the 10X Cell Ranger pipeline, version 3.1.0 (Zheng et 

al., 2017) and the Seurat (version 3.1.4; Satija et al., 2015) software package for R, version 4.1.2, 

using standard quality control, normalization, and analysis steps.  

Briefly, raw data from each biological replicate were read into R, with a minimum threshold of 3 

cells and 500 genes. After visualizing the raw reads, genes, and mitochondrial percentage, we set 

thresholds of counts between 1000 and 20000, features above 600 genes, and less than 6 percent 

of mitochondrial content for downstream processing.  

 

To correct for batch effects between our replicates, we followed guidelines for normalization and 

integration provided by 86 and 29 respectively. We selected integration features within each 

dataset and applied SCTransform normalization before integrating the datasets based on 

Canonical Correlation Analysis29. For generating cell type clusters, we ran all of the following 

analyses on the “integrated” assay, but performed differential expression analysis on the “SCT” 

assay. Following standard downstream processing steps, we ran principal component analysis 

and UMAP on 25 dimensions. We ran FindNeighbors (dims 1:25) and FindClusters (resolution 

0.85). We then generated a dendrogram and renumbered clusters based on this output. We 

identified the top differentially expressed markers and used these data to identify and subset the 

putative neurons. We also excluded one cluster from the rest of the analyses due to low number 

of transcripts and genes, suggesting this cluster did not represent real cellular expression. We re-

ran UMAP on the subset of neurons and used this output for visualization and further cell type 

identification based on top differentially expressed markers. All UMAPs, including feature plots, 

are shown with datasets that are downsampled to 500 cells for visualization purposes. However, 

all dot plots show gene expression for full datasets. Feature plots for Figure 2B are shown with a 

min.cutoff of 0 and a max.cutoff of 1, except for syt which has a min.cutoff of 1 and a max.cutoff 

https://paperpile.com/c/BHHX0y/XdDvS
https://www.sciencedirect.com/science/article/pii/S0012160619304919#bib70
https://www.sciencedirect.com/science/article/pii/S0012160619304919#bib70
https://www.sciencedirect.com/science/article/pii/S0012160619304919#bib53
https://paperpile.com/c/BHHX0y/h5GMq
https://paperpile.com/c/BHHX0y/K4KAx
https://paperpile.com/c/BHHX0y/K4KAx
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of 2. Feature plots for Figures 3-4 are shown with a min.cutoff of 0 and a max.cutoff of 4. 

Feature plots for Figures 5-6 are shown with a min.cutoff of 0 and a max.cutoff of 2. 

 

Methods S1. Elucidating Unidentified Genes. Related to Figures 4, 5, and 7. 
In a number of cases, genes of interest were not well annotated using orthogroup assignment or 

simple BLAST searches to the non-redundant database. Here we describe additional steps we 

took to try to assign likely functions to our candidates. In most of these cases orthologous 

protein predictions could be retrieved from other cephalopod genomes, but not beyond, 

suggesting that these uncharacterized genes are novel and potentially specific to cephalopods or 

octopuses. With these in hand, we sought to predict function via deep homology searching as 

well as structure and function prediction. Homology search and function prediction included the 

use of the hidden Markov model based tools HHblits and HHpredsS1,S2, and PSI-BLASTS3. In 

each case we predicted protein structures using ColabFoldS4, which itself is based on 

AlphaFold2.0S5. With these predicted structures in hand, we then searched for distant structural 

homologues using foldseekS6. 

 

obimac0010569 

Obimac0010569 aligns well to an uncharacterized protein found in O. vulgaris and O. sinensis 

called LOC115219258. This hit however combines two separate predicted genes from the 

previous O. bimaculoides genome: obimac0010569 and obimac0010570. While we have Iso-

Seq reads that cover obimac0010570, we have none that link obimac0010569 and 

obimac0010570. Assuming our gene model has split this locus in error, we created multiple 

species alignments of the candidate and used the resulting multiple species alignment (MSA) 

for homology search. HHblits revealed a strong signal of a conserved m13 domain on c-terminal 

side of the predicted protein, with aligns to proteins like putative m13 family peptidases (e-vals 

~ 1e-100) and endothelin converting enzymes (e-vals ~ 1e-90). HHPred showed similar signals, 

with peptidases and in particular metallopeptidases showing homology on the c-terminal end. 

Interestingly there is some weak homology to Protocadherin-15, but e-values were all >> 0.01 

 

 

https://paperpile.com/c/DKNFL6/rJjDx%2BLJ3zg
https://paperpile.com/c/DKNFL6/6oMWO
https://paperpile.com/c/DKNFL6/A4kuw
https://paperpile.com/c/DKNFL6/S5Toe
https://paperpile.com/c/DKNFL6/iiO9a
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obimac0022194 

We were able to find obimac0022194 orthologs from O. sinensis, O. vulgaris, and O. minor. 

Using a multiple sequence alignment from these orthologs as input to HHblits revealed hits to 

uncharacterized proteins from the cuttlefish, S. pharaonis (e-val ~ 2.2e-15), the limpet Lottia 

gigantea (e-val ~ 3.9e-8), and slightly weaker hits to a protein annotated as luquin1 in the land 

slug Deroceras reticulatum (e-val 9.9e-8) and a protein annotated as luquin neuropeptide 

fragment in the annelid polychaete Platynereis dumerilii (e-val 2.6e-5). HHpred gave no further 

insight. We then used AlphaFold2.0 to computationally predict a structure using our MSA. The 

resulting structures were generally low confidence and largely disordered. A representative 

view of the rank1 model is shown below in Figure ST1. We further searched for structural 

homologs using foldseek, but zero hits were returned. 

 

 
Figure ST1. AlphaFold prediction for obimac0022194 showing the structure of the rank1 model. 

 

obimac0019980 

Using protein BLAST searches against individual cephalopod genomes we were able to find an 

O. sinensis ortholog to obimac0019980 with strong homology (e-val ~ 3e-88) and only a very 

weak hit to the cuttlefish Sepia officinalis (e-val = 0.003). We used pairwise alignments of the 

O. bimaculoides and O. sinensis proteins as input to HHblits and HHpred. HHblits recovered no 
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significant homology. HHpred similarly did not recover orthologs in distant genomes but did 

predict a transmembrane domain and a signal peptide sequence within obimac0019980. We 

used DeepTMHMMS7 to confirm the presence of the signal peptide and transmembrane 

domain. A clear signal peptide is present and DeepTMHMM classifies this protein as globular 

+ signal peptide (Figure ST2). We further used AlphaFold2.0 to provide a predicted structure. 

This structure was largely disordered but two clear helical regions are revealed. Topology 

searching using foldseek revealed no similar structures.  

 

 
Figure ST2. Evidence of a globular protein plus signal peptide structure for obimac0019980 as predicted by 

DeepTMHMMS7. 

 

 

 

 

  

https://paperpile.com/c/DKNFL6/vKVl0
https://paperpile.com/c/DKNFL6/vKVl0
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Supplementary Figures 

 
Figure S1. Genome browser output showing improved gene models. Related to Figure 2. Three genes are 
shown to demonstrate examples of the substantial improvement our gene models achieved with an updated 
annotation. Each panel contains the following tracks: old gene annotations (blue) from the original O. bimaculoides 
genome annotation all isoforms of new annotations (green), Iso-seq alignment data (dark blue, if present), bulk RNA 
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sequencing alignment data (orange), and single-cell RNA sequencing alignment data (purple). Our single-cell data is 
poly-A captured, meaning most reads align to the 3’ ends of genes or areas of the genome.  
(A) tyrbh. New gene models (labeled in green, with each potential isoform represented by the obimac gene identifier 
followed by a period and numeric) include two additional exons compared to the original annotation, one on each 
end of the gene. These new exons are supported by both Iso-Seq data and bulk RNA-seq data. By including both of 
these exons, we have captured two piles of scRNA-seq read alignments on each end of the gene.  
(B) flri. New models lengthened the 3’ ends and included an additional exon on the 5’ end compared to the original 
model. Both of these changes to this gene are supported by Iso-Seq bulk RNA-seq read alignments and improved the 
amount of scRNA-seq data we are able to capture.  
(C) six4/5. This gene was not present in our Iso-Seq data, but shows an example of where the new gene model 
substantially improved annotation of this region. The new models lengthened the 3’ end and added two exons in the 
5’ direction, allowing us to capture more of the scRNA-seq data. We were able to stitch together three genes from 
the old model (Ocbimv22032756m, Ocbimv22032757m, and Ocbimv22032758m) into a single gene model 
(obimac0013768). If we had used the old gene model for our single cell analysis, then it would appear that three 
separate genes have similar expression patterns. 
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Figure S2. Single-cell RNA sequencing quality control metrics. Related to Figure 2. 
(A-C) Violin plot showing raw reads (nCount_RNA), genes (nFeature_RNA), and mitochondrial percentage 
(percent.mt) across the two biological replicates used in this study. Dashed lines and red text indicate thresholds set 
for downstream processing.  
(D) Scatter plot showing the correlation between the number of reads and the number of genes for all cells. One 
cluster (21) had low reads and gene counts and did not have a specific gene expression profile (data not shown). 
Cluster 21 was therefore excluded from further analysis.  
(E) UMAP showing representation of each sample across clusters after applying sctransform normalization and 
integration via Canonical Correlation Analysis.  
(F) Scatter plot of number of cells per cluster, with each biological replicate plotted on each axis. Points are color-
coded based on whether they represent clusters from non-neuronal, immature, or mature neuronal populations. 
Neuronal cell types were represented similarly in the two replicates. On the other hand non-neuronal clusters were 
more variable, perhaps due to their presence in neighboring tissue. The “low quality” cluster (21), which was 
discarded from analysis, is represented by a black square and was only present in one replicate. 
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Figure S3. Characterization of non-neuronal clusters. Related to Figure 2. 
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(A) Phylogenetic trees from OrthoFinder, demonstrating the method for assignment of gene identities in our updated 
gene model. 
(B) Dot plot of conserved markers, showing demarcation of neuronal vs. non-neuronal cells, as well as subtypes 
within non-neuronal cells. One subset (clusters 1-3) of non-neuronal cells has relatively high expression of markers 
relating to proliferation and blood (proliferating cell nuclear antigen (pcna)S1 and acetylcholinesterase (ache)S2), 
whereas a second subset (clusters 39-41) are marked by relatively high expression of genes relating to endothelium 
(collagen type 1 alpha 1 (cola)S3, heparan sulfate proteoglycan 2 (hspg), and sushi von willebrand factor type a 
(svep)). Finally, a third cluster (38) has high expression of glutamine synthase (glul)S4, which is expressed in glia. 
Interestingly, this cluster also has an uncharacterized gene obimac0002586. Markers for these clusters are contrasted 
with neuronal markers/clusters below.  
(C) FISH of genes to demonstrate anatomical locations of non-neuronal cell types. In mapping putative non-
neuronal cell clusters to their anatomical locations via FISH, we found several markers to be primarily expressed 
outside of the optic lobe, mostly in the white body, which is involved in hematopoiesisS5. pcna (top left) marks 
dividing cells and is localized to the white body, along with ache (top right), which is a marker of blood cells. 
Together, pcna and ache expression is consistent with the suggested role of the white body in hematopoiesis. hspg 
(bottom left) demarcates endothelial cells and is prominent in the white body as well as the optic lobe, where their 
morphology resembles vasculature. One prominent marker gene from these clusters that is expressed in the optic 
lobe is glul (bottom right), a glial marker, which identified a population of cell bodies at the boundary of the 
plexiform layer and IGL, with expression extending into the neuropils of the medulla, consistent with glial 
organization in other invertebrate nervous systemsS6. glul can be seen within the optic lobe, prominently labeling 
nuclei on the superficial border of IGL but also extending throughout the neuropil of the medulla. Scale bars indicate 
100 um. Nuclei are stained in DAPI. 
(D) A quadruple FISH of the genes shown in C without nuclei staining. OGL, outer granular layer; PL, plexiform 
layer; IGL, inner granular layer; MED, medulla. Scale bar indicates 100 um.   

https://paperpile.com/c/LpkOVV/DZwIv
https://paperpile.com/c/LpkOVV/6O7dC
https://paperpile.com/c/LpkOVV/KNjqA
https://paperpile.com/c/LpkOVV/Iv8nE
https://paperpile.com/c/LpkOVV/cLCFU
https://paperpile.com/c/LpkOVV/pqx2s
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Figure S4. Validation of glutamatergic and cholinergic markers. Related to Figures 2-3. 
(A-B) 2-color FISH of two glutamatergic markers, slc6a15/18 and vglut, demonstrating co-expression in the optic 
lobe. Red box in (A) denotes a zoomed-in portion of the medulla in (B). Here and below, nuclei are stained with 
DAPI and the scale bar represents 200um unless otherwise noted. 
(C-D) 2-color FISH of two cholinergic markers, vacht and chat, demonstrating co-expression. Red box in (C) 
denotes the region depicted in (D). 
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Assembly statistic Octopus_bimaculoides_v2_0 
(2015 assembly) 

o_bimaculoides_hifi_v1.0.0 
(2022 assembly) 

Size 2.34 Gb 2.34 Gb 

Number of contigs 151,674 5,437 

Average contig length 15.42 Kb 430.95 Kb 

Longest contig 4.06 Mb 7.63 Mb 

Contig N50 475 Kb (n = 1333) 880.44 Kb (n = 755) 

Number of gaps 548,450 5 (115 Ns) 

Coverage ~60x 34x 

BUSCO (Eukaryota) C:91.8%[S:90.6%,D:1.2%]F:6.7%,M:1
.5%,n:255 

C:92.2%[S:90.6%,D:1.6%],F:6.7%,M:
1.1%,n:255 

Number of annotated genes 33,638 18,896 

 
Table S1. Genome assembly statistics for o_bimaculoides_hifi_v1.0.0 and Octopus_bimaculoides_v2_0. 
Related to Figure 2. The computational pipeline that led to these results is described in Methods. Benchmarking 
Universal Single-Copy Orthologs (BUSCO v. 3)S7 was run against the eukaryota_odb9 database to show an overall 
completeness of 92.2% (C: complete, S: complete and single-copy, D: complete and duplicated, F: fragmented, M: 
missing). We used the Eukaryote database rather than Mollusc or Metazoa because those databases contain the 
original O. bimaculoides proteome, thus biasing results. The older gene model contains many fragmented gene 
annotations, which led to an inflated number of total genes in the original gene annotation file. The new genome 
annotation contains fewer genes because many of the fragmented annotations have been connected.  
  

https://paperpile.com/c/LpkOVV/sVlXk
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Gene Obimac ID Gene Obimac ID 

ache obimac0020279 ob19980 obimac0019980 

bib obimac0026684 ob22194 obimac0022194 

cacng obimac0027453 octr obimac0000086 

celf obimac0028033 onecut obimac0002891 

chat obimac0030402 orc obimac0002637 

cola obimac0002036 otx obimac0030353 

dat obimac0021555 pcdh-ob09200 obimac0009200 

dchs obimac0020142 pcdh-ob26462 obimac0026462 

dlx obimac0024037 pcna obimac0019754 

dscam obimac0017416 plxna obimac0017384 

efn obimac0011807 pxfv obimac0025590 

elav obimac0020958 sema2 obimac0002144 

epha obimac0017206 sema5 obimac0023141 

flri obimac0006659 six4/5 obimac0013768 

fmrf1 obimac0015407 slc6a15/18 obimac0030399 

gad obimac0007601 snap25 obimac0010589 

glul obimac0032988 sox2 obimac0011874 

hh obimac0025144 svep obimac0000862 

hspg obimac0022794 syn obimac0011778 

lrrc15 obimac0011126 syt obimac0014441 

lxgkr obimac0011766 syt4/11 obimac0020553 

mynn obimac0021831 tnfr obimac0032150 

nachr obimac0008351 tyrbh obimac0021237 

nkx2 obimac0032473 vacht obimac0013580 

nos obimac0011102 vat1 obimac0023625 

ob02586 obimac0002586 vglut obimac0012076 

ob10569 obimac0010569   
 
Table S2. Reference gene table. Related to Figures 2-7. Obimac gene identifiers and corresponding gene assignment 
for all genes described in this study. See Methods for more information about gene assignments. 
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Introduction 
Coleoid cephalopods, such as squid, cuttlefish, and octopuses, have the largest brain among 

invertebrates, allowing for a rich repertoire of dynamic behaviors1–6. Their centralized brain, 

which is arranged around their esophagus, is made up of large structures with specialized 

functions1,7–11,11–17. To access neural circuits underlying advanced behaviors, such as learning 

and memory, prey capture and predator avoidance, and rapid body-patterning known as 

camouflage, it is critical to understand brain organization in these animals. However, to date, few 

mappings, or “brain atlases”, exist for these emerging model organisms, despite advancements in 

technological approaches to characterize and perturb neural circuitry in cephalopods.  

 

Beyond early histology and morphological staining, several approaches have been taken to create 

a detailed atlas of cephalopod brain organization. 3D light microscopy was applied in developing 

cephalopods and demonstrated an effect of habitat and behavior on brain region volume18 

whereas confocal microscopy of hatchling and juvenile brain slices in pygmy squid Idiosepius 

paradoxus revealed over 35 lobes and found that the vertical lobe was the largest relative 

volume19. The first octopus brain atlas was published using Hematoxylin & Eoisin (H&E) 

staining of serial horizontal and sagittal sections in an adult Octopus minor and identified more 

than 70 subregions20, and 3D MRI-based imaging established in squid21–23 resulted in both the 

first connectome of the squid brain in Sepioteuthis lessoniana24 and further evidence that brain 

morphology across cephalopods is influenced by habitat and behavioral demands25.  
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To tie together anatomical, transcriptional, and functional studies, it will be important to 

understand the molecular architecture, including functional and developmental determinants, 

across subregions of the cephalopod brain. To provide such a resource for the growing field of 

cephalopod neuroscience, we combined serial coronal sections of H&E staining with multiplexed 

RNA fluorescence in situ hybridization (FISH) of 40 candidate markers to provide, to our 

understanding, the first account brain-wide gene expression in the cephalopod central nervous 

system.             

  

Results 
Serial Sectioning in the Juvenile Octopus bimaculoides 

In addition to established methods for culturing and maintaining this species in a laboratory, the 

Octopus bimaculoides is one of the few cephalopods to have a high quality, chromosomal level 

assembly of its genome26,27, therefore providing unique opportunities to investigate 

transcriptional and genomic novelties. O. bimaculoides live to be about 1-2 years old and, while 

they exhibit continuous growth throughout their lifespan, at ~1.5 months of age, their body 

organization and behaviors are established and their sensory systems are fully mature28,29. As 

such, the juvenile O. bimaculoides provides a unique opportunity to characterize brain-wide 

expression of genes related to both functionally mature as well as immature and developing 

neurons. 

 
Figure 1. Examples of coronal samples.  
A) 3 Representative slices stained with H&E, from anterior (left) to posterior (right).  
B) Accompanying illustrations outlining a subset of identified brain regions from each slice.  
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We performed serial sectioning on 2 juvenile octopuses and subsequently used H&E staining to 

delineate nuclear layers from the neuropil/cytoplasm of the lobes (Figure 1). Brains were 

sectioned coronally from anterior (toward the beak) to posterior (away from the beak) at 7um. 

We obtained over 300 (n=305) images and carefully selected images that represented the 

structure of the O. bimaculoides brain. After delineating brain regions based on H&E, we 

established names for each subregion based on nomenclature used in17. We identified 8 lobes in 

the SUB and 12 in the SEM, including the optic lobes which lie on either side of the central brain 

complex. In total, we identified 20 lobes, some of which contain subregions and are, therefore, 

referred to as “complexes” (see Supplemental Table 1). Since the brain is still developing at this 

age, we grouped some subregions into complexes as it was not evident from nuclear staining 

where the boundaries between these differentiated lobes would be. Additionally, due to 

differences in sectioning angles, we were able to identify 1 structure, the vasomotor lobe, in only 

1 sample and, therefore, we exclude this brain region from further analyses. Lastly, we did not 

identify 3 paired lobe structures: the optic glands, the olfactory lobes, and the subpedunculate 

lobes. However, these structures are all known to be involved in reproduction and, therefore, we 

did not expect to identify these lobes in the juvenile octopus as it has likely not yet reached 

sexual maturity at this age11,30–36. 

 
Differential Expression of Neurotransmitters and Neuropeptides 

We performed multiplexed RNA FISH on serial sections across 5 additional juvenile octopuses. 

The brains were sectioned similarly from anterior to posterior at 10um, but representative 

sections were spaced ~60um apart (see Methods for more details). In addition to qualitative 

characterization of 40 genes (see Supplemental Table 2) across 20 lobes, which we describe 

below, we also provide a summary in Figure 2 of quantified gene expression using automated 

cell detection tools available in QuPath (see Methods for more details).  

 
Classical Neurotransmitters 

Previous work identified neurotransmitter and neuropeptide usage across different brain regions 

in cephalopods based on pharmacological experiments and transcriptional profiles. Therefore, we 
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sought to describe neurotransmitter and neuropeptide usage across 20 lobes in the juvenile O. 

bimaculoides.  

 
Figure 2. Preliminary DotPlot summary quantifying expression levels and cell density of 40 genes across 20 
brain regions. Lobes are ordered based on functional systems outlined in Supplemental Table 1. *indicates lobes 
with high cell density, which are under-sampled in this preliminary quantification. ^indicates genes with either 
dense or dim expression in a few cells, leading to over-sampling in the quantification. iFL inferior frontal lobe; 
subFL subfrontal lobe; sBuL superior buccal lobe; sFL superior frontal lobe; sVL subvertical lobe; VL vertical lobe; 
aBC anterior basal complex; prec precommissural lobe; pBC posterior basal complex; lBL lateral basal lobe; Ped 
peduncle lobe; Br brachial lobe; aCH anterior chromatophore lobe; aPL anterior pedal lobe; pPL posterior pedal 

Figure 2. Preliminary DotPlot summary quantifying expression levels and cell density of 40 
genes across 20 brain regions. Lobes are ordered based on functional systems outlined in 
Supplemental Table 1. *indicates lobes with high cell density, which are under-sampled in this 
preliminary quantification. ^indicates genes with either dense or dim expression in a few cells, 
leading to over-sampling in the quantification. iFL inferior frontal lobe; subFL subfrontal lobe; sBuL 
superior buccal lobe; sFL superior frontal lobe; sVL subvertical lobe; VL vertical lobe; aBC anterior 
basal complex; prec precommissural lobe; pBC posterior basal complex; lBL lateral basal lobe; Ped 
peduncle lobe; Br brachial lobe; aCH anterior chromatophore lobe; aPL anterior pedal lobe; pPL 
posterior pedal lobe; Mag magnocellular lobe; PV palliovisceral lobe; pCH posterior chromatophore 
lobe; pFuL posterior funnel lobe; OPL optic lobe. 
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lobe; Mag magnocellular lobe; PV palliovisceral lobe; pCH posterior chromatophore lobe; pFuL posterior funnel 
lobe; OPL optic lobe.  
 

We stained for each of the classical neurotransmitters using the following genes: slc6a15/18 

(glutamatergic), vacht (cholinergic), dat (dopaminergic), gad (gabaergic), gly1 (glycinergic), and 

sert2 (serotonergic) (Figure 3). Previous work showed the presence of glutamatergic, 

cholinergic, and dopaminergic neurons in the optic lobe based on pharmacology and these data 

were supported by transcriptional profiling as well. Similar to segregated expression of 

glutamatergic and cholinergic neurons in the optic lobe, we also found that cells in each of the 

brain regions that were positive for slc6a15/18 were not also positive for vacht and vice versa, 

suggesting these are two distinct populations throughout the brain. Moreover, we found that the 

vertical and subfrontal lobes showed less expression of slc6a15/18 versus vacht. Similar to dat 

expression in the optic lobe, dat appeared more restricted in expression across central brain 

regions, with the most expression found in the optic and superior buccal lobes. gad has minimal 

expression in the optic lobe yet has sparse but dense expression across central brain regions, 

including a few gad+ cells lining the boundaries of vertical lobe gyri and in a subset of cells in 

the subvertical lobe and anterior basal complex. On the other hand, gly1 had relatively strong 

expression across all central brain regions, except for sparse expression along the boundaries of 

vertical lobe gyri as well. Lastly, sert2 had strong expression in a few cells across central brain 

regions, including the subvertical lobe, anterior basal complex, and brachial lobe. All together, 

these results suggest that most central brain regions have positive expression of glutamatergic 

and cholinergic markers, but some regions, such as the vertical and subvertical lobes, have 

sparse, dense expression of other neurotransmitters, which might relate to their functions 

downstream.  
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Figure 3. Neurotransmitter expression.  
A) Multiplexed RNA FISH of glutamatergic (slc6a15/18), cholinergic (vacht), and dopaminergic (dat) neurons, with 
a merged image shown at the bottom.  
B) Expression of GABAergic neurons (gad).  
C) Expression of glycinergic neurons (gly1).  
D) Expression of serotonergic neurons (sert2). Scale bars, 500um.  
 

Octopaminergic Neurons 

In vertebrates, norepinephrine is critical for the fight-or-flight response by increasing alertness. 

In invertebrates, octopamine functions similarly as norepinephrine due to its role in helping 

Figure 3. Neurotransmitter expression. A) Multiplexed RNA FISH of glutamatergic (slc6a15/18), 
cholinergic (vacht), and dopaminergic (dat) neurons, with a merged image shown at the bottom. 
B) Expression of GABAergic neurons (gad). C) Expression of glycinergic neurons (gly1). D) 
Expression of serotonergic neurons (sert2). Scale bars, 500um.
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mobilize the body for action37. Octopamine is present in octopuses as well as other 

cephalopods38–41 (see Reviews in42,43. In the optic lobe, octopaminergic neurons were identified 

based on expression of tyrbh, which is involved in the biosynthesis of tyrosine to octopamine4044–

46. These cells were found in a restricted pattern along the outer granular layer of the optic lobe 

as well as in the peduncle and superior buccal lobes (Figure 4A). A candidate for an 

octopamine/norepinephrine transporter oa/ne showed strong expression in a few cells in the outer 

granular layer of the optic lobe, including co-localization with a subset tyrbh+ cells, as well as in 

the neuropil throughout the central brain (Figure 4A,D). FISH of a candidate for an octopamine 

receptor octr demonstrated some expression along the borders of central brain regions, but had 

strong expression in a spatially restricted manner as it filled cells found in the superior frontal 

lobe (Figure 4B). Together, FISH of these three genes suggest a signaling pathway from the 

optic and peduncle lobes to the superior frontal lobes, supporting a potential role of octopamine 

in visuo-motor control or modulation. 

 
Figure 4. Expression of octopaminergic signaling, transportation, and receptor genes provide insight into 
potential functionally related regions.  

Figure 4. Expression of octopaminergic signaling, transportation, and receptor genes provide 
insight into potential functionally related regions. A) tyrbh is localized to outer granular layer of 
optic lobes, superior buccal lobe, and peduncle lobes. B) Octopamine/norepinephrine 
transporter candidate oa/ne is expressed across the whole brain but found in the neuropil, with 
some expression in cells in the outer granular layer of the optic lobe and in the peduncle lobe. C) 
The putative octopamine receptor octr is localized to the superior frontal lobe. D) Multiplexed 
RNA FISH of tyrbh and oa/ne showing co-localization in a subset of cells in the outer granular 
layer of the optic lobe. ogl outer granular layer; pl plexiform layer; igl inner granular layer; med 
medulla. Unless noted otherwise, scale bars, 500um.
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A) tyrbh is localized to outer granular layer of optic lobes, superior buccal lobe, and peduncle lobes.  
B) Octopamine/norepinephrine transporter candidate oa/ne is expressed across the whole brain but found in the 
neuropil, with some expression in cells in the outer granular layer of the optic lobe and in the peduncle lobe.  
C) The putative octopamine receptor octr is localized to the superior frontal lobe.  
D) Multiplexed RNA FISH of tyrbh and oa/ne showing co-localization in a subset of cells in the outer granular layer 
of the optic lobe. ogl outer granular layer; pl plexiform layer; igl inner granular layer; med medulla. Unless noted 
otherwise, scale bars, 500um. 
 

Neuropeptide Expression 

Five neuropeptides (fmrf, flri, pxfv, lxgkr, and orc) were chosen due to their known individual 

roles in either camouflage, feeding, or potential visual modulation based on pharmacology, 

biochemistry, or in situ staining. Additionally, previous studies highlight these genes as key cell 

type markers in the optic lobe45,47,48, which has several inputs and outputs to other lobes in the 

octopus central nervous system17,49 and therefore may be implicated in visually guided 

behaviors.  

 
Figure 5. Differential expression of 5 neuropeptides. Neuropeptide lxgkr is highly expressed in vertical (orange 
arrows) and subfrontal lobes (white arrows), whereas fmrf is absent from these structures. The merged image on the 

Figure 5. Differential expression of 5 neuropeptides. Neuropeptide lxgkr is highly expressed in 
vertical (orange arrows) and subfrontal lobes (white arrows), whereas fmrf is absent from these 
structures. The merged image on the bottom left shows multiplexed RNA FISH for fmrf, flri, pxfv, 
and lxgkr. orc has a sparse, dense expression across brain regions, except for in a subset of 
cells in the subvertical lobe, where there is relatively strong expression clustered in one area. 
Scale bars, 500um.
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bottom left shows multiplexed RNA FISH for fmrf, flri, pxfv, and lxgkr. orc has a sparse, dense expression across 
brain regions, except for in a subset of cells in the subvertical lobe, where there is relatively strong expression 
clustered in one area. Scale bars, 500um. 
 

Overall, we found strong but sparse, dense neuropeptide expression across several brain regions 

(see Figure 2). The most striking differences in gene expression were between fmrf and lxgkr, 

which showed inverse patterns across the subfrontal, vertical, and peduncle lobe (Figure 5). 

While Fmrf was found to be absent in the subfrontal and vertical lobes with decent expression in 

the peduncle lobes, lxgkr was expressed in 100% of cells in the subfrontal and vertical lobes and 

completely absent from the peduncle lobes. The subfrontal and vertical lobes are key stations in 

circuits involved in tactile (subfrontal) and visual (vertical) learning and memory, whereas the 

peduncle lobes have outputs to motor areas in the brain and respond via color changes or arm 

and body movements when stimulated11. While lxgkr has not been functionally characterized, 

fmrf has been investigated in several cephalopods and plays a role in physiological regulation, 

reproductive control, and camouflage47,48,50–52,52–57. 

 

Differential expression of neurotransmitters and neuropeptides reveals wide use of functional 

determinants across central brain regions in the octopus and supports the potential for specialized 

systems for 2 sets of lobes based on either complementary FISH patterns of the octopamine 

biosynthesis gene tyrbh and its putative receptor octr (optic, peduncle, and superior frontal lobes) 

or high expression of lxgkr (vertical and subfrontal lobes). In addition to analyzing expression of 

genes related to mature neuronal function, we also explored spatial patterns of developmental 

genes in this continuously growing brain.  

 

Characterization of Developmental Genes 

Homeobox genes are a group of transcription factors that specify cell identity and play roles in 

body patterning during development (Reviewed in58,59). In bilaterians, homebox genes, 

specifically the Hox superfamily, establishes anterior-posterior development and are thought to 

be involved in the generation of diverse body plans across this phylum, yet not much is known 

about the molecular underpinnings of body plan generation and patterning in cephalopods. For 

example, in Euprymna scolopes embryos, anterior-posterior expression was not predicted by Hox 
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collinearity60. However, in Sepia officinalis, similar genetic programs were found to be involved 

in arm and tentacle development as what is observed in vertebrate and arthropod limb 

development61. These results suggest the possibility that patterning may vary across the 

cephalopod body plan or across cephalopod species in general. Therefore, we sought to 

characterize a subset of homeobox, developmental, and patterningl genes across the octopus 

central nervous system, which we summarize below.  

 

Homeobox and Developmental Genes 

To identify developing neurons, we looked at expression for elav, which we found to be highly 

expressed across all central brain regions except for the vertical and subfrontal lobes. Next, we 

performed FISH for homebox genes pax6, lhx, dlx, otx, nkx, sox, six, and lim, which we found to 

be expressed in 1 of 3 categories (Figure 6). Like, elav, we found that pax6 fell into this first 

category of high expression everywhere, except for the vertical and subfrontal lobes. lhx, dlx, 

and otx were expressed in lower amounts but across almost all brain regions, falling into this 

second category of less but homogeneous expression across the central brain. The remaining four 

homeobox genes fall into the last category: striking expression in a subset of regions. Notably, 

nkx was expressed in 100% of the cells in the vertical and subfrontal lobes, demonstrating a 

spatial expression pattern reminiscent of the neuropeptide lxgkr (Supplemental Figure 1). 

Similarly, sox was expressed in 100% of cells in the vertical and subfrontal lobes but also had 

expression across other brain regions, including a specific layer (inner granular) of the optic lobe. 

six appeared to be completely absent from the central brain, with expression only found in the 

outer granular layer of the optic lobe, supporting a potential conserved role for eye development 

as has been previously identified in drosophila and vertebrate studies (Reviewed in 62–64). 

Finally, lim was found to be sparsely expressed across several brain regions, including the optic 

lobes and posterior basal complex, but had notable expression in the subvertical lobe, where it 

was found to be colocalized in a subset of cells expressing the neuropeptide orc (Supplemental 

Figure 1).  

 

Previous work identified a large population of immature– but not proliferating– neurons in the 

optic lobes of O. bimaculoides, suggesting that neuronal generation may be occurring in a 
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different region in the brain. Therefore, we sought to characterize a subset of developmental 

genes (dscam, lrrc, hh, and dchs) as well as markers for immature neurons (obimac19980, bib, 

mynn, and tnfr) based on their potential relation to mature neuron function based on clustering 

data available in 45.  

 
Figure 6. Differential expression of homeobox genes. Scale bars, 500um. 

 

Figure 6. Differential expression of homeobox genes. Scale bars, 500um.
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Single-cell data for the first three genes, dscam, lrrc, and hh, show that they are a small subset 

within clusters that belong to either dopaminergic (dscam) or glutamatergic (lrrc, hh) neurons 

(Supplemental Figure 2). Indeed, dscam is expressed in a subset of cells in anterior basal 

complex and in subvertical lobe. Additionally, we also find that lrrc is expressed in a subregion 

of lobes that also express slc6a15/18 (superior buccal lobe). Unlike slc6a15/18 expression in the 

optic lobe, which is expressed across all layers, hh is only expressed in a few cells along the edge 

of the outer granular layer. However, like slc6a15/18 expression in other central brain regions, 

we also find that hh is expressed homogeneously across almost all central brain regions. Since hh 

is known to play a role in development and patterning, this spatial expression pattern may 

support the notion that neuronal generation and development may be occurring in different 

regions of the brain despite the large presence of immature neurons in the optic lobe. Lastly, dchs 

was found to be expressed in several central brain regions, with notable congregation of 

expression among cells at the border of superficial optic lobe layers.  

 

Based on O. bimaculoides optic lobe single-cell and/or gene expression data of obimac19980, 

bib, mynn, and tnfr, it is possible that these genes will exhibit complementary spatial expression 

patterns that extend beyond the optic lobe. Previous work identified the uncharacterized gene 

obimac19980 as a strong candidate that is expressed across all of the immature neuronal clusters 

while not being expressed in the mature neuronal clusters45. However, no gene expression data 

was provided to complement single-cell data. We performed FISH for obimac19980 and found 

that it is expressed across the inner boundaries of central brain regions, except for the optic lobe 

where it appears that there is a potential gradient of stronger expression in the superficial layers 

with less expression deeper. tnfr, mynn, and bib were identified as subtypes of immature neurons 

in the optic lobe based on single cell data. Interestingly, each of these genes are found to be 

expressed across the majority of central brain regions – albeit at different levels – except for in 

the vertical and subfrontal lobes, where expression of these genes appears to be absent. For 

example, tnfr has strong expression across several brain regions, most notably among the 

brachial, peduncle, and superior frontal lobes as well as the anterior basal complex. mynn was 

expressed in these same regions but at relatively much lower levels. However, like dchs, we see 

a similar congregation of mynn+ cells along the borders of the superficial layers of the optic 
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lobe. Likewise, bib appears to be expressed in a similar pattern, with expression in the brachial, 

peduncle, and superior frontal lobes, including along the superficial layers of the optic lobe, and 

minimal to no expression in the subfrontal and vertical lobes.  

 
Figure 7. Differential expression of developmental genes and markers for immature neurons. Scale bars, 
500um. 
 

Figure 7. Differential expression of developmental genes and markers for immature neurons. 
Scale bars, 500um.
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Collectively, these findings demonstrate the rich molecular diversity among brain regions in the 

continuously growing central nervous system of octopuses, which would support the dynamic 

behaviors that cephalopods are capable of. 

 

Complementary Expression of Patterning Genes 

Whereas homebox genes are known to be involved in patterning on a macro level (i.e., along the 

body axis), axon guidance molecules, such as ephrins and semaphorins, contribute to patterning 

in vertebrates and invertebrates on a micro level, as they regulate cell-cell adhesion and 

communication between cells to drive morphology and differentiation65–68. However, we have 

limited information regarding the role of ephrins and semaphorins in cephalopods. To begin to 

understand how complex neural circuits form (i.e. how cells find their partners) in the growing 

cephalopod central nervous system, we performed multiplexed FISH on two sets of patterning 

molecules and their receptor pairs. 

 

We found that the signaling molecule efn was expressed largely in the medulla of the optic lobe 

as well as along other central brain regions, including the anterior basal complex, brachial lobe, 

and superior frontal lobe (Figure 8A). It appears that efn is expressed along the inner boundaries 

of the vertical lobe gyri and is absent from the subfrontal lobe. Its receptor pair epha is expressed 

in the other layers of the optic lobe, with some expression across central brain regions, including 

in the anterior basal complex, where epha expression appears complementary to efn (Figure 8B).  

 

Similarly, the signaling molecule sema2 is expressed largely in the medulla of the optic lobe and 

in other central brain regions, including the inferior frontal lobe and a subset of cells in the 

posterior basal complex, but appears largely absent from the vertical and subfrontal lobes (Figure 

8C). Its receptor pair plxna is expressed in the outer layers of the optic lobe, with some 

expression across other central brain regions, including a separate subset of cells in the posterior 

basal complex and in the superior buccal lobe, with minimal expression in the vertical and 

subfrontal lobes (Figure 8C-E).  
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Figure 8. Complementary expression of patterning molecules.  
A) FISH of signaling molecule efn (left) shows higher expression in the outer layers of the optic lobe and a gradient 
of expression from the ventral half of the anterior basal complex toward the dorsal half, whereas FISH of its receptor 
pair epha (middle) shows higher expression in deeper layers of the optic lobe and a gradient from the dorsal to 
ventral halves of the anterior basal complex.  
B) Zoomed in expression on anterior basal complex.  
C) FISH of signaling molecule sema2 shows a similar complementary expression in the optic lobe, with higher 
expression in the interior frontal lobe, whereas its receptor pair plxna has higher expression in the outer layers of the 
optic lobe and in the superior buccal lobe.  
D) sema2/plxna expression across a deeper section (i.e. more posterior), shows higher expression of sema2 along the 
outer edges of the posterior basal complex, whereas its receptor pair plxna has higher expression on the inner portion 
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of the posterior basal complex.  
E) Zoomed in expression on posterior basal complex. Unless otherwise noted, scale bars, 500um. 
 

Together, we find complementary expression of signaling molecules efn and sema2 with their 

receptor pairs epha and plxna, respectively, either within lobes (optic lobe for both pairs, anterior 

basal complex for efn-epha, posterior basal complex for sema2-plxna) or across nearby lobes 

(sema2 in inferior frontal lobe, which is dorsal to the superior buccal lobe, where we find higher 

expression of plxna). Our observations of sub-heterogeneous gene expression within the basal 

complexes suggests that these structures could potentially be delineated even further due to 

differential gene expression. For example, even though our definition of the anterior basal 

complex includes the anterior anterior basal and anterior posterior basal lobes, it is possible that 

gene expression of efn-epha could further differentiate the dorsal versus ventral halves of the 

anterior anterior basal lobe. In sum, our data suggests that, while the organism, at this age, is still 

undergoing differentiation of some lobes, it is possible to already delineate some of these 

structures further based on gene expression. 

 
Discussion 
This study provides the first account of brain-wide gene expression in a cephalopod. In addition 

to identifying 20 lobes in a juvenile O. bimaculoides, we characterize and quantify expression for 

40 genes, including functional and developmental determinants, using multiplexed RNA FISH. 

We demonstrate that majority of neurons across all central brain regions can be categorized into 

glutamatergic or cholinergic based on expression of slc6a/15/18 or vacht, and we found positive 

elav expression throughout this continuously growing brain except for in the vertical and 

subfrontal lobes, which are both involved in tactile and visual learning and memory. Our results 

demonstrate molecular diversity across central brain regions, supporting the formation and 

function of complex neural circuits in this emerging model organism. This study therefore 

contributes to the expanding field of cephalopod neuroscience by providing a resource for 

understanding gene expression across the entire octopus brain. In addition to outlining diverse 

gene expression across several brain regions in the octopus, a number of specific findings here 

have the potential to further elucidate developmental and functional programs in the cephalopod 

nervous system.  
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Patterning Molecules in the Basal Complexes 

We identified complementary expression of patterning signaling molecules and their respective 

pairs. In characterizing the genes efn and its receptor pair epha, we observed complementary 

expression patterns in both the optic lobes and in the anterior basal complex. Specifically, we 

found that efn was expressed in deeper layers in the optic lobe and in the dorsal half of the 

anterior basal complex (the anterior anterior basal lobe in particular), whereas epha was 

expressed in the superficial layers of the optic lobe and in the ventral half of the anterior basal 

complex. Similarly, we found that the signaling molecule sema2 was expressed in the deeper 

layers of the optic lobe and in the inferior frontal lobe, which is found closer to the dorsal end of 

the central brain, whereas plxna was expressed in superficial layers of the optic lobe and in the 

superior buccal lobe, which is found just ventral of the inferior frontal lobe. Additionally, we 

observed non-overlapping expression of sema2 and plxna within the posterior basal complex 

(specifically in the median basal), with sema2 found along this structure and plxna expressed 

strongly on the inner edges of this structure. 

 

The basal lobes are considered the main motor output centers in cephalopods69 and receive the 

majority of its inputs from deeper layers of the optic lobe49. The anterior basal lobe, in particular, 

is known to control locomotion and are implicated in prey capture behavior among other 

behaviors17,69–72. The lateral basal is involved in chromatophore control and camouflage via 

forming skin papillae, whereas the posterior basal complex (which includes both the median and 

dorsal basal lobes in our dataset) is involved either in swimming and mantle movements for the 

former structure, with unclear and unknown functions for the latter based on electrical 

stimulation17. Our findings support the possibility that these genes, which are traditionally 

viewed as patterning molecules in vertebrates and other species, may be strong candidates for 

patterning as well in octopuses – both within structures and across multiple lobes.   

 

Tactile and Visual Learning and Memory 

We also found bimodal differences in gene expression regarding the vertical and subfrontal 

lobes. The vertical and subfrontal lobes are implicated in either visual or tactile learning and 

memory, respectively. In fact, in coordination with other brain regions, these two structures are 
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at the convergence of parallel circuits driving learning and memory3,73 (Figure 9). For example, 

the vertical lobe, which contains 25 million amacrine cells, is a critical component of the 

superior frontal-vertical system, which receives input from the optic lobes to the superior frontal 

lobe before sending signals to the subvertical lobe. Similarly, the subfrontal lobe, which contains 

5 million amacrine cells, receives tactile information from the axial nerve cord to the inferior 

frontal lobe before sending signals to the posterior buccal lobe. Expression of lxgkr, nkx, and sox 

in 100% of cells in both the vertical and subfrontal lobes may suggest a role for these genes in 

the potential integration or storage of either visual or tactile information into memory. 

 
Figure 9. Circuit diagram of tactile and visual learning and memory. From 15. Number of amacrine cells from 17. 
A) Tactile learning and memory system includes convergence on subfrontal lobe and short path (dotted line) through 
posterior buccal lobe.  
B) Visual learning and memory system includes convergence on vertical lobe and short path (dotted line) through 
subvertical lobe. Many of the connections for both circuits are reciprocated. 
 

Interestingly, a number of genes were not expressed in these brain regions, and many of these 

have implications in development, except for 1 marker. We found that expression of fmrf, elav, 

Figure 9. Circuit diagram of tactile and visual learning and memory. From Wang & Ragsdale, 
2018. Number of amacrine cells from Young 1971. A) Tactile learning and memory system 
includes convergence on subfrontal lobe and short path (dotted line) through posterior buccal 
lobe. B) Visual learning and memory system includes convergence on vertical lobe and short path 
(dotted line) through subvertical lobe. Many of the connections for both circuits are reciprocated.
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pax6, tnfr, mynn, dchs, and bib were completely absent from the vertical and subfrontal lobes. 

Additionally, we found that efn lined the gyri of the vertical lobe but was completely absent from 

the subfrontal lobe, whereas sema2 was absent from both the vertical and subfrontal lobes. It is 

intriguing to speculate on the significance of the lack of expression of mostly developmental 

genes from these two critical structures involved in visual and tactile learning and memory, but 

further investigation into these genes are required to fully understand their function(s) in the 

cephalopod brain.  

 

Co-localization of Neuropeptides and Homeobox Genes 

We also note two instances where we observed colocalization of a neuropeptide and a homeobox 

gene for a subset of populations at the cellular level. In the vertical and subfrontal lobes, we find 

that lxgkr and nkx are colocalized, as both of these genes fill 100% of the cells in these regions. 

In addition, we find that orc and lim are colocalized in a subset of cells in the subvertical lobe. 

While lxgkr is currently uncharacterized beyond single-cell clustering and gene expression in the 

O. bimaculoides, its striking expression in these structures suggest a role for visual tactile 

learning and memory. nkx, on the other hand, has been well characterized in vertebrates and 

invertebrates, including a few cephalopods species, as playing a role in mediolateral patterning. 

Whereas nkx traditionally marks the medial portions of vertebrates and insects, in the developing 

cuttlefish embryo, it is found to be expressed at the periphery74. While it is not obvious in our 

dataset whether nkx is involved in patterning in these structures or along any axis in the 

cephalopod brain, it is possible that this gene is being utilized in an alternate manner than what it 

is traditionally known for in other organisms.  

 

A second instance where there is colocalization of a neuropeptide with a homeobox gene is in a 

subset of cells in the subvertical lobe, which express both orc and lim. The subvertical lobe 

receives many inputs from different regions in the body and SUB, supporting its comparison to a 

vertebrate thalamus relay center12, and it is also a component of the visual learning and memory 

circuit comprising the optic, superior frontal, and vertical lobes (see Figure 9). orc is suggested 

to be involved in feeding, reproduction, and movement regulation in different species75–77, 

whereas lim is a homeobox gene traditionally known for its role in body patterning, similar to 
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nkx78. It is possible that orc plays a neuromodulatory role in relaying information between the 

frontal and vertical lobes to the rest of the SUB and body, in concert with previous literature 

highlighting a more homeostasis-related function. However, fully dissecting the role of lim in 

this region and whether it functions together with orc in some manner for regulation will warrant 

advancements in genetic manipulation in this or other cephalopod species. 

 

Several advancements in technology show promise for the perturbation of neural circuits 

underlying dynamic cephalopod behavior that can begin to address these remaining questions. 

For instance, sequencing of the first cephalopod revealed several genomic novelties that might 

contribute to the rich repertoire of behavior we see across different cephalopod species79. 

Building upon these data, several studies utilized single-cell and single-nuclei RNA sequencing 

on squid and octopuses, revealing that the transcriptional landscape of the cephalopod nervous 

system may provide further insight into how diverse circuits may form and function in a 

developing, juvenile, and adult cephalopod44,45,80. Finally, in recent years, there have been 

tremendous strides in higher resolution functional studies and genetic manipulation81–84. By 

characterizing brain-wide gene expression in the octopus, our work lays a foundation for the 

aforementioned studies to build upon as well as for future investigations dissecting the formation 

and function of neural circuits in cephalopods. 

 

Limitations of This Study 

It is important to note that, while we identified 20 differentiated lobes in the juvenile octopus, 

there is potential to further delineate these brain regions using advanced 3D imaging. Indeed, 

both histological and 3D MRI studies in cephalopods were able to identify over 50-60 lobes 

when using data from other planes of sectioning20,25. Additionally, while we characterized the 

expression of 40 genes which include both markers for mature neuronal function as well as 

development, there are certainly more genes that can be included in future studies to provide 

information regarding brain organization in cephalopods. This initial account of brain-wide gene 

expression in the octopus is intended to serve as a resource for this rapidly expanding field of 

cephalopod neuroscience.  
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Here we characterized brain-wide gene expression using multiplexed RNA FISH in serial 

coronal sections. Future studies can relate gene expression to molecular and functional identities 

in cephalopod neural circuits using the growing technologies available, such as spatial 

transcriptomics, functional recordings, and genetic manipulation. The gene expression mapping 

we present here provides a resource for such studies, which will be critical for understanding 

how the cephalopod brain computes and executes a dynamic repertoire of advanced behaviors. 

 

Methods 
Experimental Model and Subject Details 

Octopus bimaculoides were obtained from the Cephalopod Resource Center at the Marine 

Biology Laboratory (Woods Hole, MA) and from Aquatic Research Consultants (San Pedro, 

CA). They were kept at the University of Oregon in a closed circulating 250 gallon aquarium 

system in artificial seawater, and fed daily on a rotating diet of frozen shrimp, crabs, and fish. All 

husbandry and experimental protocols were in accordance with the EU 2010/63/EU85 and 

AAALAC guidelines for the use and care of cephalopods for research.  

 

Method Details 

Animal Fixation 

Juvenile animals (mantle lengths 7mm-9mm) were anesthetized on ice using 4% ethanol in 

Artificial Seawater (460mM NaCl, 10mM KCl, 10mM glucose, 10mM HEPES, 40mM MgCl2, 

11mM CaCl2, and 2mM glutamine at pH 7.4). Before fixing the tissue in 10% Neutral Formalin 

Buffer for 24 hours at room temperature, the mantle and arms were removed, leaving only the 

central brain complex with the optic lobes and eyes attached.  

 

Hematoxylin & Eoisin Staining 

Samples used for Hematoxylin & Eosin (H&E) staining were approximately 4-6 weeks in age, 

with mantle lengths ranging from 5-7mm. The central brain complex, including optic lobes, was 

dissected as described above and was embedded into paraffin before being sectioned coronally at 

7um. Slices were placed serially and used for the identification of major lobe complexes.  
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RNA Fluorescence In Situ Hybridization 

Samples used for RNA fluorescence in situ hybridization were approximately 4-6 weeks in age, 

with mantle lengths ranging from 7-9mm. Following the fixation of the central brain complex, 

the lenses and part of the optic lobes were trimmed off, leaving half of the optic lobes and the 

entire central brain complex. The samples were embedded into paraffin and sectioned at 10um. 

Slices were placed in an alternating layout across 2 slides, with 5 sections per ribbon and 

approximately 12 ribbons per slide. Probes were ordered through Advanced Cell Diagnostics 

(ACDBio). Genes were stained according to a protocol previously published in 45. Some images 

used for Figures 3, 6-8 were from samples sectioned at 7um and accessible/previously published 
45. 

 

Image Analysis 

Slides were imaged on a Leica Aperio VERSA slide scanner at 20X magnification. Image files 

were then loaded into QuPath (v0.5), and brain regions were annotated within the project file. 

For every 5 sections on a ribbon, 1-2 sections were annotated, capturing each brain region at 

least once for each gene. Following annotating, mean fluorescence and percent positive were 

calculated per gene for each region. Positive Cell Detection was run using DAPI, with requested 

pixel size at 0.25um, background radius at 5um, median filter radius set to 0, sigma at 1.5, area 

range from 10um-500um, threshold at 0.25um, and cell expansion set to 5um. The lower 

threshold for DAPI ranged from 5-55 based on background autofluorescence, and exact values 

will be provided upon request. Cell Detection measurements were exported and read into a 

custom R script to generate Figure 2. 
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Supplementary Figures 

 
Supplemental Figure 1. Co-localization of neuropeptides with homeobox genes.  
A) Co-localization of neuropeptide orc with homeobox gene lim in a subset of cells in the subvertical lobe.  
B) Co-expression of neuropeptide lxgkr with homeobox gene nkx in 100% of cells in the vertical and subfrontal 
lobes. Unless otherwise noted, scale bars, 500um. 
 

Supplemental Figure 1. Co-localization of neuropeptides with homeobox genes. 
A) Co-localization of neuropeptide orc with homeobox gene lim in a subset of cells in 
the subvertical lobe. B) Co-expression of neuropeptide lxgkr with homeobox gene nkx 
in 100% of cells in the vertical and subfrontal lobes. Unless otherwise noted, scale 
bars, 500um.
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Supplemental Figure 2. Featureplots showing single-cell expression of dscam, lrrc, and hh.  
A) UMAP from 45 showing major classes of mature neurons as well as large population of immature neurons in the 
octopus optic lobe.  
B) Individual feature plots showing single-cell expression of developmental genes. 
 

Supplemental Figure 2. Featureplots showing single-cell expression of dscam, lrrc, and hh. 
A) UMAP from Songco-Casey et al., 2022 showing major classes of mature neurons as well as 
large population of immature neurons in the octopus optic lobe. B) Individual feature plots 
showing single-cell expression of developmental genes.
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Supplemental Table 1. Comparison of identified lobes in the adult Octopus vulgaris central nervous system 
versus the juvenile Octopus bimaculoides, grouped based on known functions. 

Functional 
Systems

Lobes in 
adult O. vulgaris

Lobes in juvenile 
O. bimaculoides Abbreviations

Learning and memory

Vertical Vertical VL

Subvertical Subvertical sVL

Superior frontal Superior frontal sFL

Chemosensory and 
tactile learning and 

memory

Inferior frontal Inferior frontal iFL

Subfrontal Subfrontal subFL

Superior buccal
Superior buccal sBuL

Posterior buccal

Visual processing Optic Optic OPL

Lower visuo-motor 
control

Peduncle Peduncle Ped

Olfactory Not identified -----

Optic gland Not identified -----

Higher motor control 
for sensory 

processing and 
behavior (SEM)

Anterior basal Anterior basal 
complex aBC

Precommissural Precommissural prec

Subpedunculate Not identified -----

Dorsal basal Posterior basal 
complex pBC

Median basal

Lateral basal Lateral basal lBL

Lower motor control 
for funnel, arm, and 
mantle movement 

(SUB)

Brachial Brachial Br

Anterior 
chromatophore

Anterior 
chromatophore aCH

Anterior pedal Anterior pedal aPL

Posterior pedal Posterior pedal pPL

Magnocellular Magnocellular Mag

Palliovisceral Palliovisceral PV

Posterior 
chromatophore

Posterior 
chromatophore pCH

Vasomotor Identified in 1/5 
samples -----

Funnel Funnel FuL
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Supplemental Table 2. Candidate genes used for RNA FISH 
 
  

Supplemental Table 2. Candidate genes used for RNA FISH

Neurotransmitters & 
Neuropeptides Receptors Developmental

slc6a15/18 octr elav

vacht cacng pax6

dat epha lhx

gad plxna dlx

gly1 nachr otx

sert2 nkx

tyrbh sox

oa/ne six

nos lim

fmrf dscam

pxfv lrrc

flri hh

lxgkr dchs

orc obimac19980

obimac10569 bib

obimac22194 mynn

efn tnfr

sema2
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CHAPTER V 

CONCLUDING REMARKS 

 
This dissertation dissects functional and molecular architecture of the octopus visual center – the 

optic lobes—and expands our knowledge regarding gene expression across the entire central 

nervous system in these animals. Our findings contribute to the growing field of cephalopod 

neuroscience by providing key resources as a foundation for future studies the anatomical, 

molecular, and functional underpinnings of neural circuits in this emerging model. In Chapter II, 

I contributed to the first optimization and application of two-photon calcium imaging in the 

octopus optic lobe, revealing functional organization of visually responsive units to light and 

dark spots of varying sizes. In Chapter III, I developed a single-cell molecular atlas of the 

octopus optic lobe by comprehensively analyzing RNA sequencing data and gene expression of 

top differentially expressed markers. By combining these two techniques, I further characterized 

the circuit underlying visual processing based on molecular signatures, delineating the previously 

identified cell types into sublaminar identities. In Chapter IV, I expanded our knowledge of the 

molecular architecture of the octopus central nervous system, identifying 20 lobes in this species 

and producing a resource outlining brain-wide gene expression for the first time in cephalopods. 

Together, this work characterizes the functional organization of the octopus optic lobe and the 

molecular architecture of the entire central nervous system, thereby facilitating our 

understanding of how other embodiments of advanced neural processing are achieved. 

 

Longstanding questions about development, function, and evolution across the animal kingdom 

and, particularly, brain complexity, now feel more within reach due to technological 

advancements, such as sequencing and genetic manipulation, that have become more accessible 

over the last decade. For example, sequencing of the first cephalopod revealed genomic 

novelties, such as protocadherin expansion and active transposons, that may explain octopus 

“intelligence”. Since then, several studies have applied RNA sequencing to further understand 

key molecular players involved in brain organization in these complex organisms2–5. For 

example, our investigation into the octopus visual system both confirmed expression of 

neurotransmitters previously identified to be present in the retina and optic lobe of octopuses as 
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well as characterized new immature neuronal subtypes that may give rise to these mature 

neuronal classes based both on sequencing data and on spatial expression patterns2. Despite the 

efforts here that progress our understanding of cephalopod brain complexity, there remains a 

significant gap in bridging molecular signatures with functional response properties at single-cell 

resolution – a technique that has the potential to transform the field of cephalopod neuroscience 

by revealing how circuits form and function with greater resolution. For example, while our 

work using calcium imaging revealed retinotopic organization as well as differential responses to 

light and dark spots6, our approach to labeling units limits our ability to uncover functional 

diversity underlying that could be dissected if we had the ability to label individual cells or, 

better yet, target cells based on genes of interest. Lastly, our work in analyzing gene expression 

beyond the optic lobe revealed striking patterns in neuropeptides as well as ephrin and 

semaphoring signaling molecules across central brain structures. However, this resource could be 

enhanced by including either serial sagittal sections or accompanying segmentation data of a 3D 

brain. It is critical to continue investigating cell types in the octopus brain, using complementary 

techniques of morphology or synapse tracing, spatial transcriptomics at different developmental 

stages, and functional imaging to dissect neural circuits involved in complex behaviors; 

nevertheless, this thesis serves as a roadmap for such explorations.  
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