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Using high angle resolution diffusion magnetic resonance imaging (HARDI) with fiber tractography analysis we map out a meso-scale con-
nectome of the Octopus bimaculoides brain. The brain of this cephalopod has a qualitatively different organization than that of vertebrates, yet
it exhibits complex behavior, an elaborate sensory system and high cognitive abilities. Over the last 60 years wide ranging and detailed studies of
octopus brain anatomy have been undertaken, including classical histological sectioning/staining, electron microscopy and neuronal tract tracing
with injected dyes. These studies have elucidated many neuronal connections within and among anatomical structures. Diffusion MRI based trac-
tography utilizes a qualitatively different method of tracing connections within the brain and offers facile three-dimensional images of anatomy
and connections that can be quantitatively analyzed. Twenty-five separate lobes of the brain were segmented in the 3D MR images of each of three
samples, including all five sub-structures in the vertical lobe. These parcellations were used to assay fiber tracings between lobes. The connectivity
matrix constructed from diffusion MRI data was largely in agreement with that assembled from earlier studies. The one major difference was that
connections between the vertical lobe and more basal supra-esophageal structures present in the literature were not found by MRI. In all, 92 con-
nections between the 25 different lobes were noted by diffusion MRI: 53 between supra-esophageal lobes and 26 between the optic lobes and other

structures. These represent the beginnings of a mesoscale connectome of the octopus brain.
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INTRODUCTION

Cephalopod ancestors arose around 530 million years ago
(mya) and during the mid-Palaeozoic (~416 mya) cephalopods
diverged into nautiloids and the presently dominant coleoids (eg.,
squids, cuttlefish and octopods) [1, 2]. The coleoid cephalopods
are among the most neurologically complex invertebrates with
Octopodiformes being perhaps the most complex and intensively
studied [3-9]. Octopus behavior is complex and multifaceted [4-6,
10, 11], offering a unique system for studying the neuronal basis of
learning and memory (7, 12-16]. The genome of Octopus bimacu-
loides was sequenced in 2015 with interesting similarities with the
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vertebrate (e,g., massive expansion of the protocadherins - im-
portant in neuronal development) [17]. Recent evidence indicates
that at least one neurotransmitter system (the serotonergic) is con-
served in octopus [18]. Curiously, the octopus displays a high level
of RNA editing; a post-transcriptional process quite uncommon
across a wide variety of species: human, drosophila & C. elegans
[19,20]. Thus, the octopus is a compelling system for comparison
with mammals due to its ancient origin and great anatomical dif-
ferences combined with fascinating similarities in problem solving
skills, learning and memory [11,21]

Following the pioneering work of Young [22], a large number of
anatomical and physiological studies of the octopus and related
coleoid cephalopods have been undertaken. In addition to de-
tailed histological studies [8, 12, 15, 16, 23-36], other efforts have
utilized computed tomography [37, 38], electron microscopy [39,
40], positron emission tomography [41], fluorescent dye labeling
of neuronal connections [42-44] and magnetic resonance imaging
[45-48].
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Recently Jung et al. [25] have performed serial sagittal and coro-
nal sections stained with Hematoxylin and Eosin (H&E) of whole
brains of the Long Armed Octopus, Octopus minor. They have
identified and annotated more than 70 distinct anatomical regions
providing a detailed atlas of this adult octopus. Chung et al. have
married histological staining techniques with high resolution dif-
tusion weighted MRI to create a meso-scale atlas of Sepioteuthis
lessoniana brain including 426 connections between 23 different
structures — a connectome of the squid brain [45] along the lines
of similar work in the mouse [49, 50].

The octopus brain consists of some 30 differentiated lobes ar-
ranged in a circumesophageal Baup/an. Although the nervous
system is composed of some half a billions neurons, over half
are found in the ganglia of the eight arms [36, 51]. While much is
known about the octopus brain anatomy [22, 25, 33, 40, 52-54],
there is a paucity of neuroimaging information about connectiv-
ity of regions that would lead to information about functional
organization and circuitry underpinnings behavior. In this work
we employ high resolution magnetic resonance imaging (MRI) to
construct a mesoscale digital three-dimensional brain atlas of the
adult Octopus bimaculoides, including assessment of connectivity
between anatomic regions.

MATERIALS AND METHODS

Sample collection and preparation

Two male and one female adult specimens were collected off
the Southern California coast by Aquatic Research Consultants
(San Pedro, CA 90732, Fishes4Study.com, Chuck Winkler) and
transported to USC the same day. Euthanasia was accomplished
by immersion in a 1:3 mixture of isotonic magnesium chloride in
artificial sea water. Specimen was maintained in this solution for at
least 10 minutes after cessation of breathing, spontaneous behav-
ior and motion of any kind before removing [55, 56]. Specimen
was transferred to 4% paraformaldehyde solution with stirring at
10T for several days for fixation. Samples were soaked in 2.5 mM
Gadoteridol (Gd-HP-DO3A, Bracco Diagnostics Inc., Princeton,
NJ) for 3 days. Samples were immersed in Galden (TMC Indus-
tries, MN) while being scanned.

MRI

All images were recorded with a MRSolutions (Guildford, Surrey,
GU3 1LR, UK) PowerScan Preclinical MRI System 7.0T horizon-
tal 24cm bore scanner using a 35 mm diameter quadrature bird-
cage RF coil. It is equipped with two independent broadband RF
transmit channels for excitation and decoupling, four independent

broadband RF receive channels and a water cooled shielded gradi-
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ent coil set with integral second order shim coils.

Images were collected from 3 samples with a spin echo DWT se-
quence. A High Angular Resolution Diffusion Imaging (HARDI)
scheme was used [57, 58] with 32 directions and 3 or 4 shells with
b-values 500~2,000 s/mm’ and 4 b=0 scans, TR/TE=400 ms/22
ms and isotropic resolution from 0.Imm to 0.14mm. Directions
& shells from Caruyer et al. [59] (http://www.emmanuelcaruyer.
com/q-space-sampling.php) using a distinct optimized spherically
even distribution of gradient directions.

Image analysis

The reconstruction, fiber tracking, connectivity matrix and
graph theoretical analysis were conducted using DSI Studio (http://
dsi-studio.labsolver.org). The restricted diffusion was quantified
using restricted diffusion imaging [60]. The diffusion data were
reconstructed using generalized q-sampling imaging [61] with a
diffusion sampling length ratio of 1. A deterministic fiber track-
ing algorithm [62] was used with the seeding region placed in the
whole brain, the anisotropy threshold set to eliminate background
voxels (0.022~0.034), the angular threshold set to 60 degrees and
the step size set to 0.06 mm. The fiber trajectories were smoothed
by averaging the propagation direction with 20% of the previous
direction. Tracks with length shorter than 0.5 mm or longer than
30 mm were discarded. A total of 2 seeds per voxel were placed in
delineated regions of interest. Anatomical regions of interest (ROIs)
were used as the brain parcellation and the connectivity matrix
was calculated using the count of the connecting tracks. Anatomi-
cal ROIs were determined manually from the nga and iso images.

For comparison of connectivity across samples, the count of
connecting streamlines in the optic tract was set equal to 10000.
Following Chung et al. [45] we define a Connectivity Strength In-
dex (CSI) for each ROI as the median of log,,(count of connecting
tracts) of the 3 samples with a lower bound of 1.5.

Visualization was done with JColorGrid [63], chordiag [64],
MRlIcro [65] and Image] [66].

RESULTS & DISCUSSION

T, weighted MR images recapitulate much of the anatomic detail
seen in histologically based cephalopod atlases and earlier work
(22,25, 36, 51, 67], although at mesoscale (125 pum) rather than
microscopic scale. Fig. 1 shows orthogonal slices from one sample
with a dozen distinct structures noted.

Isotropic diffusion (iso) and normalized quantitative anisotropy
(nga) [62] images derived from the HARDI analysis afforded
more detail, thus better differentiation of more structures than

were observed in T, weighted images. Fig. 2 shows orthogonal iso
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Fig. 1. Neuroanatomy from MR images. (A~C) Transverse, sagittal & coronal sections. Red arrows note location of orthogonal sections. Individual
brain regions easily identified due to their encapsulation. Internal structure in optic lobes and filamentous optic nerves extending from the optic bulbs to
the retinas are apparent. Abbreviations for brain structures: v_lI, vertical lobe lateral left; v_I, vertical lobe mediolateral left; v-mid, vertical lobe medial; v_r,
vertical lobe mediolateral right ; v-rr, vertical lobe lateral right; subV, sub vertical lobe; frS, superior frontal lobe; fr1, inferior frontal lobe; subFr, subfrontal
lobe; bucS, superior buccal lobe; bucP, posterior buccal lobe; ba,anterior basal lobe; bd, dorsal basal lobe; ped-r, peduncle lobe right; n.opt-R, optic nerves
right; Opt-R, optic lobe right; gOpt-R, optic gland right; Opt_tr, optic tract; gOpt-L, optic gland left; Opt-L, optic lobe left; n.opt-L, optic nerves left; ped-
L, peduncle left; pv, pallioviseral lobe; pe, pedal lobe; br, brachial lobe.

Fig. 2. Three Dimensional
Anatomic Annotation. (A~C)
Three slices from isotropic diffu-
sion weighted images (iso in DSI
software) with semitranspar-
ent color-coded anatomy. (D)
parasagittal slice with outlined
anatomy used in the connectivity
analysis. (E~G) dorsal, anterior &
posterior views, respectively, of
3D surface rendering of anatom-
ical regions. Coordinate system:
D, dorsal-ventral; P, anterior-
posterior; L, left-right. Abbrevia-
tions as in Fig. 1.
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Fig. 3. Relative volumes of different anatomical regions. Relative volumes of all anatomical regions are consistent across 3 similar size samples. Abbre-

viations as in Fig. 1.

image slices with 25 anatomical structures, including all five sub-
regions of the vertical lobe, shown as semitransparent 3D overlays
on the gray scale slice (Fig. 2A~2C), a parasagittal slice with color
shaded anatomy (Fig. 2D) and surface renderings of 3D annotated
anatomy (Fig. 2E~2G). All annotations made with reference to
Young [22,53], Jung et al. [25], Saidel [68], Shigeno et al. [24], Rob-
ertson et al. [43] and Shigeno & Ragsdale [52]. Relative volumes
of the different structures derived from anatomical annotations of
three samples are shown in Fig. 3.

Providing soft tissue contrast is the forte of MRI in both clinical
and pre-clinical settings. In the octopus good anatomical delinea-
tion at meso-scale is shown in Fig. 1, 2. Twenty-five distinct ana-
tomical structures have been delineated in three dimensions as
shown in Fig. 2E~2G. 3D segmentation allows quantitative analy-

www.enjournal.org
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sis, such as comparison of structure volumes across samples (Fig.
3). As expected, relative volume of brain lobes is constant across
samples in these mature specimens. Lobe volumes also agree with
those determined earlier [36,69, 70].

Streamlines are used to visualize how the anisotropy of water
diffusion extends from one voxel to the next [71]. Given sufficient
data (scans with different diffusion weighting - directions and/or
b-values), the orientational distribution function (ODF) is used to
model water diffusion at the voxel level [57, 58]. Local orientation
information is then propagated from one voxel to the next by a
variety of techniques which basically track the most probable path
of diffusion from a given starting point. In the mammalian brain
these streamlines are straightforwardly correlated with myelinated
bundles of axons [62, 72-74]. Lack of myelin in the cephalopod

https://doi.org/10.5607/en21047
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S pallioviseral lobe

Fig. 4. Connectivity from High Angle Resolved Diffusion Imaging (HARDI) data. Streamlines from HARDI analysis originating in left optic and pallio-
visceral lobe (PV). Anterior view with PV and both optic lobes shown as semitransparent volumes. (A) Tracts originating in left optic bulb transverse the
optic tract, connect with the contralateral lobe and enter/transverse the sub-esophageal PV also connecting with the contralateral optic lobe. (B) Tracts
originating in the palliovisceral lobe connect with both optic lobes, the optic commissure, funnel and brachial nerves.

brain complicates the interpretation of streamlines, but compari-
son with extensive histology and anatomical MRI scans indicates
that diffusion MRI tractography represents neuronal connectivity
at mesoscale in the cephalopod [45].

Fig. 4 shows results of a deterministic fiber tracking algorithm
[62] where the seeding region was placed in the left optic lobe
(Fig. 4A) or the palliovisceral lobe (Fig. 4B). The left optic lobe
streamlines connect with the optic commissure, the contralateral
lobe and enter/transverse the sub esophageal palliovisceral lobe.
Streamlines originating in the palliovisceral lobe connect to both
optic lobes, the optic commissure and brachial funnel nerves.

Fig. 5 shows streamlines from five structures in different regions
of the octopus brain: vertical lobes located in the posterior dorsal
supra esophageal region; dorsal basal lobe located in the posterior
basal supra-esophageal region; inferior frontal lobe located in the
anterior dorsal supra-esophageal region; and brachial lobe located
in the anterior basal sub-esophageal region. The vertical lobe sys-
tem is thought to serve learning and memory functions analogous
to the mammalian hippocampus and cerebellum [15,52]. Thus, al-
though many studies find multiple connections between the verti-
cal lobes and other structures, in this work no streamlines emerged
from the vertical lobes. We attribute this to the small size of cells
within the lobes and the overall small size of the lobes compared
to the spatial resolution of the scans. Even the most prominent
tract connecting the medial vertical lobe to the superior frontal
lobe (see figure 10.5 in Young [22]) is less than 50 microns in di-
ameter. Thus, any diffusional anisotropy due to this structure will

be severely diluted in the 125x125x125 micron volume element
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of our MR images and few if any streamlines will be observed. In
contrast to the vertical lobes, the brachial lobe (Fig. 5E) has many
streamlines to the arms where the central nerves are quite large in
comparison to the voxel size and exhibit anisotropic water diffu-
sion, leading to numerous streamlines.

MRTI has been employed to investigate structure and function in
several cephalopods, including mollusks [75], cuttlefish [47, 76],
squid (45,47, 77-79] and octopus [46, 80]. In most cases MRI is
used to explore gross anatomy noninvasively in three dimensions
for comparison with histological sections. Chung et al. [45] take a
qualitatively different approach where they augment high resolu-
tion (80 pm isotropic) anatomical MRI with HARDI to produce
a meso-scale connectome of the squid brain that they compare
with classical and novel histologically stained samples. Interest-
ingly, streamlines derived from the HARDI data indicate several
connections between structures not previously recognized. In this
work we also use anatomical and HARDI MRI to examine the sig-
nificantly larger octopus brain at somewhat coarser spatial resolu-
tion.

The octopus is a visual creature with advanced learning and
memory capabilities, using its complex eyes to hunt prey and
avoid predators [11, 21, 36]. The optic lobes are perhaps the most
prominent feature of the octopus brain, occupying a third of the
brain volume [22, 51]. They are important in visual analysis and
processing, learning and memory, and higher motor control. Optic
lobe connections found by Young and others [31, 54, 68, 81] are
also apparent in the HARDI derived streamlines. Fig. 4 illustrates
the extensive connections flowing out of the optic lobe along the
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Fig. 5. Semitransparent views of streamlines originating in four different parts of the octopus brain. (A) Structures labeled in semitransparent views
with no streamlines; (B) streamlines from the vertical lobes, (C) streamlines from the dorsal basal lobe; (D) streamlines from the inferior frontal lobe;
and (E) streamlines from the brachial lobe. Side, top and front views are shown in columns from left to right.
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optic commissure to the contralateral lobe and down to supra-
esophageal structures such as the palliovisceral lobe, funnel and
brachial nerves. Penetration of optic chiasm streamlines into the
optic lobes are apparent in both lobes (Fig. 4, supplemental videos)
and terminate mid-medulla. Streamlines within the medulla of the
optic lobe are also well organized (Fig. 6) as was observed in the
squid by Chung et al. [45]. Unlike Chung et al. [45] who observe
a clear grid-like retinotopic network in the medulla of the squid,
here tractography shows a streaming across the medulla with in-
dividual streamlines terminating within the medulla in no regular
pattern (Fig. 6C, Supplemental videos). Whether this is due to dif-
ference between the species or because the lower resolution of the
octopus images precludes observation of the grid-like structure re-

optic lobe —_

Fig. 6. Internal structure of the optic lobe. Streamlines originating in
right optic lobe show the same connections as seen in Fig. 4 for the left op-
tic lobe. (A) Side view with all streamlines (left) & with only those below
a 30° cutting plane. With this deletion, the front (panel B) & top (panel C)
views show well organized roughly parallel streamlines within the optic
lobe. See Supplemental Data for videos.

https://doi.org/10.5607/en21047

mains to be seen. In any case, the arrangement of connection from
the plexiform zone to the inner medulla is not amorphous.

Seeding the whole brain and analyzing the number of stream-
lines connecting structures provides a connectivity matrix [72, 73,
82, 83], as shown in Fig. 7. The same information can be shown
as chord diagrams as seen in Fig. 8. Connections between differ-
ent structures culled from the literature [12, 15, 23, 32, 33, 35, 43,
52, 54, 68] are shown for comparison. Connectivity matrices and
chord diagrams provide concise visual representations of complex
relationships. It should be remembered that connectivities derived
from diffusion MRI [73] are not precisely equivalent to tracing
of neuronal axons from one structure to another that occurs with
histologically stained sections [23] or where neurons are injected
with dye [43, 68]. In this analysis of diffusion images, two struc-
tures are considered connected if a sufficient number of diffusion
streamlines pass through both structures, i.e., CSI>1.5. The con-
nectivity matrix shown in Fig. 7 compares connectivity relation-
ships noted in the extensive octopus literature with those derived
from HARDI streamlines. We use the nomenclature of Jung et al.
[25]. The preponderance of HARDI streamline connections are
also described in the literature: green squares in Fig. 7. Those litera-
ture connections not found by streamlines are principally vertical
lobe to other supra-esophageal lobes and between sub-esophageal
lobes. Diffusion streamline connections not found in the literature
(blue squares, Fig. 7) are principally found between the more basal
supra-esophageal lobes, e.g., frl, subE bucS$, bucP, ba & bd. These
structures are involved in chemo-tactile memory [54] and as relay
center for connections to lower motor centers [24, 31]. Thus, they
are somewhat analogous to the vertebrate thalamus and basal
ganglia. Increased connections may indicate that more processing
takes place among these lobes than previously realized.

We note that diffusion MRI work by Chung et al. [45] in the
squid found significantly more streamline connections between
structures than revealed in this octopus study - a factor of 4. We at-
tribute this to difference in how the MRI data was acquired as well
as how streamlines were calculated. MRI scans for the extracted
squid brains were acquired at 80 micron resolution as opposed to
125 microns for the octopus brains in this study - a volume ratio
of 3.8. For similarly sized structures we expect on the order of 4
times as many streamlines in the squid as opposed to octopus data.
Moreover, Chung et al. used 10 streamline seeds per voxel in their
calculations while in this work 2 seeds per voxel were used. Thus, it
is not surprising that the squid connectivity matrix of Chung et al.
reveals significantly more connections than seen in Fig. 7 for the
octopus. Moreover, we cannot rule out the notion that details of
the connections in the decapod differ from the octopod.

The meso-scale nature of MRI, with spatial resolution limited

www.enjournal.org 23
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Fig. 7. Connectivity matrix comparison of neuronal connections. Yellow blocks: described in the literature but not fund by HARDI; blue blocks: found
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defining a Connectivity Strength Index (CSI) for each ROI as the median of log,, (count of connecting tracts) of the 3 sample. Paired regions with a
CSI>1.5 are considered to be connected. (A) Literature; (B) tractography. Abbreviations as in Fig. 1.

to 10s to 100s of microns, results in loss in detail compared with
optical methods. Moreover, lack of myelination in the cephalo-
pod brain implies decreased diffusion anisotropy as compared to

the vertebrate. These considerations conspire to make diffusion

24 www.enjournal.org

streamlines less than faithfully reflect connections found by histo-
logical examination. The three-dimensional nature of MRI makes
it ideally suited to tracing the intrinsically three-dimensional con-

nections found in complex brains. MRI tractography is just begin-
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Fig. 8. Chord diagram comparison of neuronal connections. Chord diagram visualization of connectivity use the same information as connectivity
matrices in Fig. 7. (A) Literature; (B) tractography with CSI>1.5. Interactive diagrams found in Supplemental Data. Abbreviations as in Fig. 1.

ning to provide insight into brain function and dysfunction in the
human [84]. Similarly, insight into the intelligent behavior of the
octopus will require detailed examination of connections in the
cephalopod brain under different conditions (e highly trained
versus naive), with and without neurochemical intervention [85,
86], at different ages, and comparison across different species (e.g.
coastal versus benthonic [87]).
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