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Neuroanatomical studies of the peripheral sense organs and brains of deep-sea fishes
are particularly useful for predicting their sensory capabilities and ultimately their behavior.
Over the abyssal plane (between 2,000 and 6,000 m), communities of grenadiers
(Gadiformes: Macrouridae) play an important ecological role as predator-scavengers.
Previous studies suggest that these fishes rely heavily on chemosensation, especially
olfaction. Furthermore, at least one species, Coryphaenoides armatus, undergoes an
ontogenetic shift in the relative size of the optic tectum and the olfactory bulbs,
suggesting. a shift from a reliance on vision to olfaction during ontogeny, apparently
in association with a shift to a more scavenging lifestyle. Here, we compared the
olfactory and visual sensory inputs to the brain in C. armatus, and in a second,
closely-related species, Coryphaenoides profundicolus, by assessing the total number
of axons (myelinated and unmyelinated) in the olfactory tract and optic nerve in a range
of individuals from both species. In C. armatus, the numbers of axons in both tract and
nerve increased with body size, with the total number of axons in the olfactory tract being
far greater than the number of axons in the optic nerve. These differences became more
pronounced in larger animals. In the two smaller C. profundicolus individuals (<315 mm
SL), there were more axons in the optic nerve than in the olfactory tract, but the opposite
situation was found in larger individuals. As in C. armatus, the number of olfactory tract
axons also increased with body size in C. profundicolus, but in contrast, the number of
optic nerve axons decreased in this species. These results suggest that both C. armatus
and C. profundicolus undergo an ontogenetic shift in sensory orientation, with olfaction
becoming relatively more important than vision in larger animals. The differences in the
ratio of olfactory tract to optic nerve axons in C. armatus indicate that olfaction is of
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particular importance to larger individuals of this species. In both species, the percentage
of myelinated axons in the olfactory tract was relatively low, but we found evidence for
interspecific and ontogenetic variation in the percentages of myelinated axons in the optic

nerve.

Keywords: axons, brain, deep-sea fish, grenadier, olfaction, ontogenetic shift, sensory system, vision

INTRODUCTION

Grenadiers or rat-tails (Gadiformes, Macrouridae) are a diverse
and abundant family of deep-sea, benthopelagic fishes, with just
over 400 recognized species (Eschmeyer et al., 2018). These fishes
generally have large heads, prominent eyes, and long, tapering
bodies (Figure 1). Grenadiers have a global distribution, with
most species found on the continental shelves and slopes at
depths of between 200 and 2,000 m (Marshall, 1979; Cohen et al.,
1990; Weitzman, 1997), although some species frequent abyssal
depths from 2,000 to below 6,000 m (Gaither et al., 2016; Linley
et al., 2016). Given their diversity and numerical abundance,
grenadiers often comprise a large proportion of the biomass in
deep-sea benthopelagic habitats and probably play an important
ecological role as predator-scavengers in these communities
(Haedrich, 1997; Drazen et al., 2008; Lee et al., 2008; Gerringer
etal., 2017).

Of the abyssal grenadier species, the abyssal grenadier
Coryphaenoides armatus, which is found at depths of ca. 2,000-
5200m (Gaither et al, 2016), is the most widespread and
abundant (Merrett and Haedrich, 1997). Analyses of stomach
contents have confirmed that this species is euryphagous,
ingesting both living and dead animal material, along with plant
debris and even human refuse (Haedrich and Henderson, 1974;
Sedberry and Musick, 1978). As well as being an active predator,
adult C. armatus are heavily reliant on scavenging on carrion
including food-falls, such as the carcasses of cephalopods, fishes,
and cetaceans (Haedrich and Henderson, 1974; Mauchline and
Gordon, 1991; Kemp et al., 2006), for survival (Drazen et al.,
2008). Compared to other deep-sea fishes, adult C. armatus
appear to be particularly well-equipped to detect the location
of such food-falls using olfaction as they possess relatively large
olfactory bulbs (Wagner, 2001a, 2002). Moreover, in situ video
recorded by baited cameras on landers (autonomous vehicles
deployed on the seafloor) has revealed that C. armatus is often
the first species to appear when baited cameras are deployed
and is presumably attracted to the bait by a very sensitive
olfactory system (Wilson and Smith, 1984; Priede et al., 1990,
1994; Armstrong et al., 1992; Wagner, 2003). However, baits are
predominantly taken only by large individuals (King et al., 2006),
even in locations where trawls have demonstrated that smaller
individuals are also present (Henriques et al., 2002; Collins
et al.,, 2005). This suggests that the olfactory sense in smaller
individuals of C. armatus is not as sensitive as that of larger
animals, and/or that these smaller fish may be more dependent
on different sources of food that require a greater reliance on
sensory modalities other than olfaction. Interestingly, dietary
studies show that carrion accounts for a lower proportion of the

diet in small C. armatus compared to larger individuals, with
epibenthic and benthic invertebrates being more numerous in
the stomachs of smaller animals (Haedrich and Henderson, 1974;
Martin and Christiansen, 1997; Drazen et al., 2008). Moreover, a
functional analysis of the feeding apparatus suggests that feeding
strategy differs between small and large individuals of C. armatus
(McLellan, 1977). Smaller individuals have an elongated, shovel-
like rostrum that they use to actively dig in muddy substrates for
food. In contrast, larger animals, which have a less prominent
rostrum, tend to swim above the bottom with their heads
orientated downwards. A quantitative comparison of brain
morphology across a broad size range also reveals changes in the
relative sizes of the olfactory bulbs and the primary visual brain
area, the optic tecta, in C. armatus, with the optic tectum being
relatively larger in smaller animals and the olfactory bulbs being
relatively larger in adults (Wagner, 2003).

In fishes, the nervous system grows continuously throughout
life (Kaslin et al.,, 2008). Shifts in the relative size of different
sensory brain areas, such as those described for C. armatus
(Wagner, 2003) have been documented in a range of shallow
water fishes and agnathans (lampreys; Cadwallader, 1975;
Brandstitter and Kotrschal, 1989, 1990; Kotrschal et al., 1998;
Lisney et al., 2007, 2017; Salas et al., 2015). These shifts are
correlated with changes in the structure of the peripheral sense
organs, and occur in association with ontogenetic shifts in
habitat, diet and behavior, and may also coincide with the
onset of sexual maturity. Therefore, Wagner’s (2003) findings
for C. armatus provide strong evidence that this species also
undergoes a shift in sensory orientation (from vision to olfaction)
during ontogeny, in association with changes in diet and feeding
behavior.

Wagner’s (2003) study on C. armatus used the “ellipsoid
model” to quantify the volumes of different brain areas. This
approach assumes that each brain area approximates the volume
of an idealized ellipsoid or half ellipsoid (Huber et al., 1997),
where linear measurements of the length, width, and depth of
each brain area are translated into volumetric measures. This
method has proved useful for quantifying variations in brain
morphology in fishes, especially in species that are difficult or
impossible to maintain in captivity, or to observe and study in
detail in their natural environment, such as large, open water
pelagic species (e.g., tunas, billfishes, and oceanic sharks; Lisney
and Collin, 2006; Yopak and Lisney, 2012; Yopak et al., 2015)
and deep-sea fishes (Collin et al., 2000; Wagner, 2001a,b, 2002,
2003). However, there are caveats associated with this approach.
For example, the ellipsoid model can significantly under- or over-
estimate the volume of brain areas compared to volumes obtained
from other methods, such as stereological approaches on serial
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FIGURE 1 | The two species of deep-sea grenadier investigated in this study, the abyssal grenadier Coryphaenoides armatus (A) and the deep-sea grenadier

C. profundicolus (B). Dorsal views of the brain and the cranial and sensory nerves from the two largest individuals of these species investigated are presented in (C)
C. armatus (900 mm SL) and (D) C. profundicolus (890 mm SL). In both species, the olfactory bulbs (OB) are stalked. The olfactory epithelium (OE) is positioned very
close to the olfactory bulbs and the olfactory nerve (Nl) is very short. The olfactory bulbs are connected to the telencephalon (Tel) by long olfactory tracts (Otr). ALLNd,
dorsal root of the anterior lateral line nerve; ALLNy, ventral root of the anterior lateral line nerve; Cb, cerebellum; Med, medulla; NI, olfactory nerve (cranial nerve I); NII,
optic nerve (cranial nerve ll); NV, cranial nerve V; NVI, cranial nerve VI; NVII, cranial nerve VII; NVIII, cranial nerve VIII; NIX, cranial nerve 1X; NX, cranial nerve X; OB,
olfactory bulbs; OE, olfactory epithelium; OT, optic tectum; Otr, olfactory tract; PLLN, posterior lateral line nerve; Tel, telencephalon. Scale bars: 10cm (A); 10cm (B);

3cm (C); 2.5¢cm (D).

brain sections or the segmentation of brain regions following
magnetic resonance imaging (MRI). This may be particularly
relevant for multi-lobed brain areas (Ullmann et al., 2010), or
those brain areas that enclose a large ventricular space (Yopak
and Lisney, 2012). Furthermore, some brain areas, such as the
optic tectum are multi-modal, where, in addition to visual input,
the optic tectum also receives projections from other sensory
modalities, such as the somatosensory and octavolateralis systems
(Bodznick, 1991; Butler and Hodos, 2005). Therefore, some
caution should be used when interpreting data obtained using
the ellipsoid method, and if possible, complementary methods
used to assess sensory input to the brain. One such method,
which correlates well with differences in sensory orientation and
behavior among species, is to compare the number of axons in
the sensory (cranial) nerves associated with different senses. For
example, in barn owls (Tyto alba), which are auditory specialists,
there are more axons in their auditory nerve compared to
other avian species (Koppl, 1997). In fishes and mammals,
visually-oriented species have many more optic nerve axons
compared to species that live in dim or turbid conditions (Huber

and Rylander, 1992; Wohlert et al., 2016). Furthermore, the
star-nosed mole (Condylura cristata), which has a unique and
highly specialized star-shaped mechanosensory organ on the end
of its snout, also possesses more than twice as many trigeminal
nerve axons compared to other insectivores (Leitch et al., 2014).

In this study, we investigated olfactory and visual inputs
to the brain in Coryphaenoides armatus, and in a second,
closely-related abyssal grenadier species, the deep-sea grenadier
C. profundicolus. This was achieved by assessing the number
of axons in the olfactory tract and the optic nerve from
different sized individuals of both species using transmission
electron microscopy (TEM), which allows for the identification
of very small axons that cannot be resolved using light
microscopy (Vaney and Hughes, 1976). In C. armatus and
C. profundicolus, the olfactory bulbs are stalked, and connected
to the telencephalon by long olfactory tracts (Figure 1). The
olfactory epithelium, which houses the olfactory receptor
neurons (ORNS), is positioned very close to the olfactory bulbs
(Doving, 1986). The ORNs detect odorants in the water and
thus represent the first-order neurons in the olfactory pathway.
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Their unmyelinated axons, which comprise the olfactory nerve,
project to the olfactory bulb, where they synapse with the second-
order neurons (mitral cells) within specialized structures called
glomeruli. In species with stalked olfactory bulbs, the olfactory
nerves are very short and thus difficult to identify and isolate
for neuroanatomical studies. Therefore, we opted to assess axon
numbers in the olfactory tract in our specimens. The olfactory
tract is primarily comprised of mitral cell axons, which project
to the telencephalon and diencephalon, plus a small number
of centrifugal fibers originating from the telencephalon that
project back to the olfactory bulb (Westerman and Wilson, 1968;
Doving, 1986; Hamdani and Dgving, 2007). In contrast, the optic
nerve contains the axons of the retinal ganglion cells, which
are the third-order neurons in the visual pathway, receiving
information from the photoreceptors (first-order neurons), via
the bipolar cells (second-order neurons). The optic nerve also
contains centrifugal fibers that project back to the retina, but the
proportion of centrifugal axons within the optic nerve is very low
across vertebrates (Itaya, 1980; Dunlop and Beazley, 1984; Brooks
etal,, 1999) including fishes (Schmidt, 1979; Gerwerzhagen et al.,
1982; Collin and Collin, 1988).

For C. armatus, we predicted that, in accordance with
Wagner’s (2003) findings, we would see an increase in the ratio
of axons in the olfactory tract compared to the optic nerve as
body size increased. In comparison to C. armatus, much less
is known about the biology of C. profundicolus. This species
is found at similar depths to C. armatus (ca. 3,600-4,900 m;
Gaither et al., 2016), but is not as abundant or cosmopolitan
in its distribution. Nevertheless, in the eastern North Atlantic
Ocean, both C. armatus and C. profundicolus are amongst the
most abundant abyssal species and are often caught or observed
together in the same locations (Merrett, 1992; Merrett and
Fasham, 1998; Milligan et al., 2016). Moreover, C. profundicolus
is morphologically similar to C. armatus (Figure 1) and adults
this species also have relatively large olfactory bulbs, although
not to the same extent as C. armatus (Wagner, 2001a, 2002).
Therefore, for C. profundicolus, we predicted that we would also
find a similar increase in the ratio of axons in the olfactory tract
compared to the optic nerve with increasing body size.

MATERIALS AND METHODS

Specimens

This study was carried out in accordance with the 5th edition of
the National Health and Medical Research Council of Australia’s
code for the care and use of animals for scientific purposes
(National Health Medical Research Council, 1990). The protocol
was approved by the University of Western Australia animal
ethics committee. Fish were collected on a scientific expedition
on board the RRS Challenger in 1995 (Cruise No. 122) in the
vicinity of 31-41°N (latitude) and 11-17°W (longitude) over the
Madeira Abyssal Plain in the eastern North Atlantic Ocean, using
a semi-balloon otter trawling net (OTSB 14) at depths between
100 and 4,000 m. The animals were dead when the nets were
retrieved but, due to the advanced trawling techniques, the degree
of external damage was minimized, and the time between death
and the preservation of nervous material was also optimized.

Each specimen was measured (standard length or SL in mm) and
then, under a dissecting microscope, the cranium was removed
thereby exposing the underlying brain and cranial nerves. Each
whole head was preserved for electron microscopy by being
immersed in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH,
7.4) for 24 h. The brain (with the cranial nerves still attached) was
then carefully removed and stored in either fresh fixative or 0.1 M
phosphate buffer until histological processing. Only specimens
with suitable ultrastructural preservation were used in this study.
In total, four individual C. armatus (size range 430-900 mm SL)
and five individual C. profundicolus (size range 250-860 mm SL)
were used in this study.

Olfactory Tract and Optic Nerve Analysis
Small pieces (1-2mm) of the olfactory tract (close to the
telencephalon) and the optic nerve (close to the back of the
eye) of each specimen were removed and post-fixed in 1%
osmium tetroxide before being dehydrated in an acetone series
and embedded in araldite. Both the left and right sides were
sampled for each specimen. Blocks were then cut for transmission
electron microscopy (TEM) using a Leica ultramicrotome and
a glass knife. Selected transverse sections of each tract/nerve
were stained with uranyl acetate and lead citrate and examined
on a Leo 912 Omega TEM (Carl Zeiss, Oberkochen, Germany).
For each section, a series of low magnification (400-630x)
electron micrographs of the whole tract/nerve were obtained with
the aid of a computerized sampling program that enabled the
total tract/nerve area to be photographed (with a 20% overlap).
A series of high magnification (5,000-16,000x) photographs
were then obtained by sampling at regular intervals throughout
the tract/nerve so that any marked increases in axon density
(especially within regions containing increased densities of
unmyelinated axons) could be identified. Axon counts were made
using photographic enlargements by manual counting with the
aid of a Zeiss GSZ stereomicroscope (Carl Zeiss, Jena, Germany).
In the olfactory tract in both species, three axonal regions
could be identified, a central region occupied by high densities
of unmyelinated axons surrounded by two regions containing
predominantly myelinated axons (Figure 2B). Since the mean
axon density in the unmyelinated region was appreciably higher
than in the myelinated regions (Table 1), each of these areas
of the olfactory tract was assessed separately. The total number
of axons was obtained by multiplying the mean axon density
in each region by the total tract area. The total area of each
tract/nerve was assessed after the low magnification series of
photographic enlargements were all incorporated into a montage
and the borders of each tract/nerve traced, making sure to
exclude non-axonal regions, such as blood vessels and the nerve
sheath. Measurements of the tract/nerve area were performed
by scanning these traced outlines into a computer using a
scanner (Hewlett Packard Scan Jet IIcx; Palo Alto, CA, USA), and
assessing the area using Digitrace software (Imatec, Miesbach,
Germany). Axon densities were determined by dividing the total
number of axons by the total area of each tract/nerve. The results
for the left and right tracts/nerves were pooled and averaged
for each individual. In the results section, species averages are
presented =+ standard deviation.
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FIGURE 2 | Myelinated and unmyelinated axons in the olfactory tract and
optic nerve in Coryphaenoides armatus and C. profundicolus. (A) Light
micrograph of the profile of a region of the optic nerve of C. profundicolus
(8390 mm SL) close to the back of the eye. (B) Light micrograph of the profile of
a region of the olfactory tract in C. armatus (430 mm SL) close to the
telencephalon, which appears to be divided into three regions including a
central region occupied by high densities of unmyelinated axons (unm). (C)
Low power electron micrograph of the optic nerve of C. armatus (900 mm SL)
showing dense fascicles of myelinated axons separated by astroglial
processes (). (D) Electron micrograph of the olfactory tract of C. armatus
(630 mm SL) showing a mixture of both myelinated (m) and unmyelinated
(unm) axons. (E) Electron micrograph of the optic nerve axons in

C. profundicolus (370 mm SL) showing the high density of myelinated axons
(m). (F) Close up of the high density of unmyelinated axons (unm) in the central
region of the olfactory tract of C. armatus (700 mm SL). Scale bars: 0.3 mm
(A); 0.2mm (B); 8.0um (C); 2.0 um (D); 1.5 um (E); 2.0 um (F).

RESULTS

In both species, the optic nerve was larger than the olfactory
tract (C. armatus: average olfactory tract and optic nerve areas
1.97 + 0.93 mm? (n = 4) and 2.53 + 0.96 mm? (n = 4),
respectively; C. profundicolus: average olfactory tract and optic
nerve areas 0.61 + 0.39 mm? (n = 4) and 1.47 £+ 0.64 mm?
(n = 5), respectively), and the area of both tract and nerve
increased with increasing body size. Representative images of
axons in the olfactory tract and optic nerve of both species
are presented in Figure 2. Both myelinated and unmyelinated
axons were identified in the olfactory tract and optic nerve in

all specimens (also see Table 1). In general, the unmyelinated
axons, which were smaller in size, were packed in higher densities
than the myelinated axons (Table 1). There were also substantial
differences in the proportion of myelinated and unmyelinated
axons in the olfactory tract and the optic nerve across individuals
and between species (Table 1; Figure 3; see below).

The results of the axon counts in the olfactory tract and
the optic nerve in both species are presented in Table 1.
When comparing the total number of axons across individuals
and between species (Figure 3), the most noticeable finding
is that the total number of axons in the olfactory tract in
C. armatus far exceeds the numbers counted in the optic nerve
in this species, as well as both the olfactory tract and optic
nerve in C. profundicolus. This is particularly apparent in the
larger individuals. For example, in the 900 mm SL individual
C. armatus, the number of axons in the olfactory tract (541,338)
was over four times greater than the total number of optic nerve
axons (129,421), and over four and eight times greater than
the total number of axons in the olfactory tract (127,600) and
optic nerve (66,437), respectively, in the similarly-sized 860 mm
SL individual of C. profundicolus. On average, the number of
olfactory tract axons in C. armatus (338,642 + 166,029; n = 4)
was three and a half times greater than in the olfactory tract
axons in C. profundicolus (93,900 % 23,806; n = 4). Despite
the substantial differences in the total number of axons in the
olfactory tract between the two species, in both C. armatus and
C. profundicolus, the total number of axons in the olfactory tract
increased with SL (Figures 3A,B). In both species, the percentage
of myelinated axons in the olfactory tract was relatively low
(Table 1; Figures 3A,B), averaging 12.6 £ 7.6% (n = 4) of the
total axon count in C. armatus and 11.4 £ 7.4% (n = 4) of the
total axon count in C. profundicolus. However, in C. armatus,
the percentage of total axons accounted for by myelinated axons
decreased as SL increased, while the opposite was true for
C. profundicolus.

On average, the total number of axons in the optic nerve
was higher in C. armatus (83,443 £ 36,002; n = 4) compared
to C. profundicolus (77,850 & 14,213; n = 5). In C. armatus,
the total number of axons in the optic nerve generally increased
with increasing SL e.g., from 55,215 in the smallest individual
to 129,421 in the largest individual (Figure 3C). In contrast, the
total number of optic nerve axons in C. profundicolus declined
steadily with increasing SL e.g., from 100,222 axons in the
smallest individual to 66,437 axons in the largest individual
(Figure 3D). The percentage of myelinated axons in the optic
nerve in both species was similar on average C. armatus: 63.6
£ 5.7% (n = 4); C. profundicolus: 60.1 £ 15.6% (n = 5) and
much greater than in the olfactory tract. However, while in
C. armatus, the percentage remained relatively similar as SL
increased (Figure 3C), in C. profundicolus the percentage of
myelinated axons in the optic nerve increased as SL increased
e.g., from 45.3% in the smallest individual to 85.5% in the largest
individual (Figure 3D).

On average, the number of olfactory tract axons was greater
than the number of optic nerve axons in both species (C. armatus:
338,642 vs. 83,443 axons; ratio: 4:1; C. profundicolus: 94,301 vs.
77,912 axons; ratio: 1.2:1). Given the very large numbers of axons
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FIGURE 3 | Axons in the olfactory tract and the optic nerve in Coryphaenoides armatus and C. profundicolus. The total number of axons in the olfactory tract (filed
circles) and optic nerve (open circles) from different sized individuals in the two species is presented for (A) C. armatus and (B) C. profundicolus. Ontogenetic variation
in the percentage of myelinated (black) and unmyelinated (gray) axons in the olfactory tract (C) and optic nerve (E) from different-sized individual C. armatus, and in
the olfactory tract (D) and optic nerve (F) from different-sized individual C. profundicolus.

in the olfactory tract in C. armatus, the ratios were higher in
this species than in C. profundicolus. In both species, the ratio
of olfactory tract axons to optic nerve axons generally increased
with increasing SL (Figures 3E,F).

DISCUSSION

Very little is known about the behavior of deep-sea fishes. While
it is possible to film benthopelagic and benthic deep-sea animals
using baited cameras attached to landers (Bagley et al., 2004;
Jamieson et al., 2013), this process is logistically complicated and
expensive. Moreover, bringing deep-sea animals to the surface
alive is extremely difficult (Bagley et al., 2004; Drazen et al., 2005)
making behavioral observations in aquaria all but impossible.
Like all animals, deep-sea fishes are reliant on their sensory
systems to gather information about their environment and
to guide their behavior. Therefore, neuroanatomical studies of
the peripheral sense organs and their afferent-recipient sites
in the brain have proved a particularly useful approach for
making deductions about their sensory capabilities, sensory
orientation (i.e., which senses may be of particular overall
importance), and behavior (Marshall, 1979; Wagner, 2001a,b).

In abyssal food webs, grenadiers, such as the two species of
Coryphaenoides studied here, occupy the top trophic positions
(Drazen etal., 2008; Lee et al., 2008; Gerringer et al., 2017), and so
knowledge regarding the sensory biology of these fishes is critical
to understanding the biology of these ecologically important
animals (Bailey et al., 2007).

Ontogenetic Shifts in Sensory Capability in

Coryphaenoides

Previous work by Wagner (2001a, 2002, 2003) on the anatomy
of the central nervous system in C. armatus resulted in two
important conclusions: (1). As adults, the olfactory bulbs are
relatively large, indicating that this species is an olfactory
specialist, and (2). C. armatus undergoes an ontogenetic shift in
brain morphology, whereby the relative size of the optic tectum
decreases and the relative size of the olfactory bulbs increases
as body size increases. This suggests that C. armatus undergoes
a shift in sensory capability (from vision to olfaction) during
ontogeny. Our study supports these findings. Across all of the
different-sized individuals we studied, the number of olfactory
tract axons was, on average, over four times greater than the
number of axons in the optic nerve. Moreover, the ratio of
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olfactory tract axons to optic nerve axons increased as body size
increased. In other words, the level of olfactory input exceeds
the level of visual input to the brain in C. armatus, and this
difference in olfactory vs. visual input increases ontogenetically.
This neuroanatomical evidence for an ontogenetic shift in
sensory capability appears to be closely associated with an an
ontogenetic shift in diet and feeding behavior. As described
previously, small C. armatus feed predominantly on epibenthic
and benthic invertebrates (Haedrich and Henderson, 1974;
Martin and Christiansen, 1997), which they take from or close
to the bottom, or dig for in the soft, muddy substrate using
their elongated rostrums (McLellan, 1977). Based on our results
and those of Wagner (2003), we predict that vision may be
more important than olfaction for the identification of these
prey, especially epibenthic invertebrates that live on or just above
the substrate. As the animals get larger, there is a shift away
from benthic invertebrate prey and larger, more pelagic prey,
such as cephalopods and fishes become more important. While
some of these prey may be actively predated, scavenging on
food-falls is particularly important source of food for larger
C. armatus (Haedrich and Henderson, 1974; Mauchline and
Gordon, 1991; Martin and Christiansen, 1997; Kemp et al., 2006).
Larger C. armatus are also found at deeper depths, a trend seen in
other scavenging deep-sea demersal fish (Merrett and Haedrich,
1997; Collins et al., 2005; King et al., 2006). This may be because
a larger body size permits, for example, higher swimming speeds,
larger energy reserves (and thus greater endurance), and a lower
mass-specific metabolic rate (Collins et al., 2005). These factors
would give larger individuals a better chance of surviving from
meal to meal, allowing them to exploit deep-sea food resources,
which although sparse and randomly distributed, tend to be large
in size, such as the carcass of a whale or large elasmobranch
(Higgs et al., 2014). In contrast, smaller C. armatus may occupy
a different niche because until they reach a threshold minimum
size they cannot compete with their larger conspecifics (Collins
et al., 2005). Olfaction appears to become far more important in
these larger animals, and their well-developed olfactory system
likely helps these fishes to locate sparsely distributed food-falls
in the abyss. Indeed, as previously noted, large C. armatus are
often the first fish to appear at baited cameras (Wilson and
Smith, 1984; Priede et al., 1990, 1994; Armstrong et al., 1992;
Henriques et al., 2002; Wagner, 2003; Collins et al., 2005; Kemp
et al., 2006; King et al., 2006). Wagner’s (2003) results indicate
that the ontogenetic shift in sensory capability in C. armatus
occurs at a body size of between 400 and 500 mm SL, which is
in agreement with the size range over which the shift in diet
occurs in this species (Haedrich and Henderson, 1974; Martin
and Christiansen, 1997). Unfortunately, we were not able to
perform olfactory tract and optic nerve counts in any individuals
smaller than 430 mm SL, but we predict that in smaller animals
both the numbers of axons in the olfactory tract and optic nerve,
and the ratio of olfactory tract axons to optic nerve axons, will
be lower than the values presented for the 430 mm individual
presented here.

Our results for C. profundicolus suggest that, in adults,
olfaction is also important, although probably not to the same
extent as in C. armatus. Wagner (2001a, 2002) found that, in

comparison to other deep-sea fishes, the brain from an 890 mm
SL C. profundicolus had relatively enlarged olfactory bulbs, and
also an enlarged gustatory area, suggesting that chemoreception
(olfaction and taste) is important to this species. Our data
indicate that, like C. armatus, C. profundicolus also undergoes an
ontogenetic shift in sensory orientation, with olfaction becoming
relatively more important than vision in larger animals. Based on
our axon counts, this shift appears to occur at a body size between
315 and 370 mm SL. However, the differences in olfactory vs.
visual input as assessed by comparing the total number of axons,
were not as great as those seen in C. armatus, as illustrated by
the relatively low ratios of olfactory tract axons to optic nerve
axons in C. profundicolus. A comparison of the brains of the
two species illustrated in Figure 1 suggests that the optic tectum
is relatively larger in C. profundicolus compared to C. armatus,
which implies that vision may be relatively more important in
the former. Unfortunately, no information is currently available
on the brain morphology of different sized individuals of
C. profundicolus, so it not known whether this species exhibits
an ontogenetic shift in the relative size of the olfactory bulbs
and optic tectum, such as that found in C. armatus. Moreover,
little is known about the biology of C. profundicolus in general,
especially in comparison to C. armatus. Dietary studies in
C. profundicolus have not identified an ontogenetic shift (Denda
et al, 2017), so it is not possible to establish whether the
apparent ontogenetic shift from vision to olfaction identified here
is correlated with a change in feeding strategy or behavior in this
species.

Comparison of Olfactory Tract and Optic
Nerve Axon Numbers With Other Species

Little work has been performed to quantify the numbers of axons
in the olfactory tract in vertebrates using TEM, so it is difficult
to make comparisons between our findings for C. armatus and
C. profundicolus and other species. However, the average number
of axons in both species is greater than the number reported for
the crucian carp (Carassius carassius) (73,246; Westerman and
Wilson, 1968). In another freshwater fish, the burbot (Lota lota),
Doving and Gemne (1965) found that the number of myelinated
axons was around 10,000, although these authors did not estimate
the number of unmyelinated axons in L. lota. Since Westerman
and Wilson (1968) found that 89.5% of the olfactory tract axons
in C. carassius are unmyelinated, if similar proportions are
assumed for L. lota, the total number of olfactory tract axons in
this species could be around 100,000. These values for C. carassius
and L. lota are over five times and three times lower than the
highest and the average numbers of total olfactory tract axons
that we counted in Coryphaenoides armatus, respectively. This
supports Wagner’s (2001a, 2002, 2003) designation of C. armatus
as an olfactory specialist. In contrast, the numbers of axons in
the olfactory tract in C. profundicolus are more similar to those
for Carassius carassius and L. lota, further indicating that the
olfactory system in C. profundicolus is not as well-developed as
in C. armatus.

In contrast to the paucity of comparative information on
axon numbers in the olfactory tract, quantitative analyses of

Frontiers in Ecology and Evolution | www.frontiersin.org

November 2018 | Volume 6 | Article 168


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Lisney et al.

Olfactory and Visual Inputs in Deep-Sea Fish

the axons in the optic nerve using TEM have been made for
a number of vertebrates (Brooks et al., 1999), including fishes.
The total axon counts for both C. armatus and C. profundicolus
are lower than those reported for some shallow water fishes,
such as the striped mojarra (Eugerres plumieri) (200,000 axons;
Tapp, 1974) and the goldfish (Carassius auratus) (180,000 axons;
Easter et al., 1981). This suggests that vision may be relatively
less important in the two species of grenadiers studied here
compared to E. plumieri and C. auratus. However, the values
we report here are more similar to those reported for minnows
(Cyprinidae) (45,000-106,600; Huber and Rylander, 1992), the
sandlance (Limnichthyes fasciatus) (104,452 axons; Collin and
Collin, 1988) and the Australian lungfish (Neoceratodus forsteri)
(74,100 axons; Bailes et al., 2006). Of these species, those with
the lowest number of axons are fishes, like deep-sea grenadiers,
that live in light-restricted habitats, such as minnows that live in
turbid rivers (45,000-60,800 axons; Huber and Rylander, 1992)
and N. forsteri. In dim environments, where the amount of
light available for vision is limited, visual sensitivity is more
important than visual acuity, and animals that live in such
environments tend to have relatively low numbers of retinal
ganglion cells and therefore retinal ganglion cell axons in the
optic nerve. This relationship is consistent across vertebrates
and similar examples can be found by comparing axon number
in the optic nerve of diurnal and nocturnal birds, e.g., pigeons
(Columbia livia) have 2.4 million axons (Binggelli and Paule,
1969) while barn owls (Tyto alba) have 680,000 axons (Wathey
and Pettigrew, 1989) and the optic nerve of primates e.g.,
tufted capuchins (Cebus apella) have 1.09 million axons while
Azaras night monkeys (Aotus azarae) have 480,000 axons
(Finlay et al., 2008).

Ontogenetic Changes in Optic Nerve Axon

Numbers

In both Coryphaenoides armatus and C. profundicolus, the total
number of axons in the olfactory tract increased with body size.
In C. armatus, this was also true for the total number of axons
in the optic nerve. A similar situation has been shown to occur
in the optic nerve in Carassius auratus and N. forsteri (Easter
et al,, 1981; Bailes et al., 2006) and also in the optic nerves
of amphibians (Dunlop and Beazley, 1981, 1984). Like fishes,
the central nervous system of amphibians exhibits intermediate
growth and undergoes widespread and lifelong neurogenesis
(Kaslin et al., 2008). It is also well-documented that the retina and
the optic tectum grow continuously throughout life in both fishes
and amphibians, through the addition of new neurons and tissue
stretching (Straznicky and Gaze, 1972; Johns and Easter, 1977;
Dunlop and Beazley, 1981, 1984; Easter et al., 1981; Raymond
and Easter, 1983; Bakken and Stevens, 2012). Thus, the finding
that there is a progressive decrease in the number of optic nerve
axons in Coryphaenoides profundicolus is unexpected. To the best
of our knowledge, this is the first example of a fish in which the
optic nerve axons, and therefore their associated retinal ganglion
cells, are either not being continually generated throughout life
or the retina is undergoing appreciable periods of cell death
and therefore axonal loss. Future work on visual development

will hopefully confirm the mechanism of this findings in other
models known to undergo continual retinal growth, such as the
goldfish Carassius auratus, the zebrafish Danio rerio, the black
bream Acanthopagrus butcheri (Shand et al., 2000), the bamboo
shark Chiloscyllium punctatum (Harahush et al., 2014), deep-sea
viperfish (Chauliodus sloani; Locket, 1980; Frohlich and Wagner,
1998) and the lungfish N. forsteri (Bailes et al., 2006).

Proportions of Myelinated and

Unmyelinated Axons

The percentage of myelinated axons in the olfactory tract was
relatively low (around 11-12% on average) in Coryphaenoides
armatus and C. profundicolus. Although little information exists
on the axonal composition of the olfactory tract in fishes, our
values correspond well with those of Westerman and Wilson
(1968), who found that 10.5% of the olfactory tract axons in
Carassius carassius are myelinated.

Regarding the optic nerve, we found that, on average, ~60%
of the axons were myelinated in both Coryphaenoides. armatus
and C. profundicolus. These values are considerably lower than
the values reported for some other fishes, such as E. plumieri and
Carassius auratus (>96% of axons are myelinated; Tapp, 1974;
Easter et al., 1981), and L. fasciatus (74% of axons are myelinated;
Collin and Collin, 1988). However, in another genus of deep-
sea fish, Conocara sp., only ~25% of the axons were found to
be myelinated (Collin et al., 2000). In Coryphaenoides armatus,
the percentage of myelinated axons was relatively similar across
the different sized individuals, but in C. profundicolus, the
percentage of myelinated axons increased progressively as body
size increased. A similar situation has been described in N.
forsteri, in which Bailes et al. (2006) found 17% of the optic nerve
axons in a small individual to be myelinated, in contrast to 74%
in a much larger fish. In some frogs, the proportion of myelinated
axons also increases with age, but to a much smaller degree.
For example, in moaning frogs (Heleioporus eyeri) and African
clawed frogs (Xenopus laevis), the percentage of myelinated axons
increases from 0.3 and 1.5% at metamorphic climax to 2.5 and
11% in adults, respectively (Dunlop and Beazley, 1981, 1984).
It is known that the number of myelinated axons can vary
along the length of the optic nerve (Cima and Grant, 1982;
Playford and Dunlop, 1993), but we consider it highly unlikely
that this accounts for the ontogenetic differences we report here,
because all of our optic nerve samples were taken from the
same location, just behind the eye, in each individual. Overall,
it appears that in fishes, the proportions of myelinated and
unmyelinated axons in the optic nerve can be highly variable,
both ontogenetically within a species and among species. The
reasons for this are unclear, but as myelin acts as an electrical
insulator and serves to increase the velocity of propagation of
nerve impulses along axons, the functional implications are that
the speed at which visual information is relayed to the brain
may vary among species and/or different size/age classes within a
species, which in turn could influence behavioral reaction speeds
(Bailey et al., 2007). Alternatively, as fish grow and the optic nerve
gets longer (meaning that neural signals must travel increasing
distances to reach the brain), increased levels of myelination
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could serve to maintain relatively constant conduction velocities
(Bakken and Stevens, 2012). Interestingly, in C. profundicolus,
while the total number of optic nerve axons decreases with
body size, the degree of myelination increases with growth,
perhaps as some form of compensatory function to maintain
or increase the conduction velocity of neural signals along the
optic nerve.
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