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Corneal microprojections in coleoid cephalopods
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Abstract The cornea is the first optical element in the
path of light entering the eye, playing a role in image
formation and protection. Corneas of vertebrate simple
camera-type eyes possess microprojections on the outer
surface in the form of microridges, microvilli, and micro-
plicae. Corneas of invertebrates, which have simple or
compound eyes, or both, may be featureless or may possess
microprojections in the form of nipples. It was previously
unknown whether cephalopods (invertebrates with camera-
type eyes like vertebrates) possess corneal microprojec-
tions and, if so, of what form. Using scanning electron
microscopy, we examined corneas of a range of cephalo-
pods and discovered nipple-like microprojections in all
species. In some species, nipples were like those described
on arthropod compound eyes, with a regular hexagonal
arrangement and sizes ranging from 75 to 103 nm in
diameter. In others, nipples were nodule shaped and
irregularly distributed. Although terrestrial invertebrate
nipples create an antireflective surface that may play a role
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in camouflage, no such optical function can be assigned to
cephalopod nipples due to refractive index similarities of
corneas and water. Their function may be to increase sur-
face-area-to-volume ratio of corneal epithelial cells to
increase nutrient, gas, and metabolite exchange, and/or
stabilize the corneal mucous layer, as proposed for corneal
microprojections of vertebrates.

Keywords Octopus - Cuttlefish - Polarization vision -
Antireflector - Visual ecology

Introduction

The cornea is the outermost layer of the eye and the first
optical element in the path of light as it enters the visual
system, and thus it plays an integral role in both protection
of the eye and in optimizing the visual image. It is present
in most animals that possess compound or camera-type
“simple” eyes, and serves a variety of functions. In ani-
mals that possess a cornea, it protects the eye and lens from
damage and infection, and in some animals like cephalo-
pods it is able to rapidly regenerate (Dingerkus and Santoro
1981) and, therefore, maintain optical clarity. In air, the
cornea is also the primary element that focuses light on the
photoreceptors, both in the compound eye and in simple
eyes. The optical power of the cornea results from the large
differences in refractive index of the cornea (1.326-1.520)
and air (1.000). However, because water has a refractive
index between 1.329 and 1.343 depending on salinity and
temperature (Quan and Fry 1995a, b; Temple 2007), the
role of the cornea as a focusing element is not present in
the eyes of aquatic animals. The much greater density of
water does however, place increased importance on the
need to reduce drag. Therefore, in many fast swimming
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animals the cornea creates a streamlined surface that
improves the hydrodynamics of species with large laterally
protruding eyes. Some corneas also contain pigmented and/
or structural filters in different regions (e.g. fish), which
help shade and spectrally filter downwelling, and in some
cases also upwelling, light (Lythgoe 1975; Thorpe and
Douglas 1993; Thorpe et al. 1993; Douglas and Marshall
1999; Collin and Collin 2001; Siebeck et al. 2003; Temple
2011).

The corneas of all vertebrates examined to date (ter-
restrial and aquatic) possess microprojections on their outer
surface. These microprojections (Fig. la—c) have been
classified as microvilli, microplicae and microridges
(Collin and Collin 1988, 2000a, b, 2006). Their possible
functions have not been directly tested, but they are
thought to serve as a means of increasing surface area for
gas, nutrient and metabolite exchange, maintaining and
stabilizing the corneal tear film in terrestrial vertebrates,
and the corneal mucus layer in aquatic vertebrates. For
terrestrial vertebrates the tear film not only keeps the cor-
neal tissue itself healthy and protected, but is necessary for
forming clear images on the retina (Pfister 1973; Collin and
Collin 1988, 2000a, b; 2006).

The chitinous corneas of the compound eyes of many
insects possess microprojections, different to those of
vertebrates, which are termed ‘nipple arrays’ (Fig. 1d).
These structures consist of an approximately hexagonal
arrangement of nearly paraboloid (nipple) shaped protru-
sions of sub-visible wavelength height (0-250 nm) and
periodicity (distance between peaks; 180-240 nm) (Bern-
hard et al. 1970; Stavenga et al. 2006). Corneal nipples are
most pronounced in moths and butterflies, where the height
is typically around 250 nm (group III in Bernard et al.

Fig. 1 Four examples of
corneal microprojections:

a microridges of the archerfish,
Toxotes chatereus (image by
Shelby E. Temple),

b microplicae of the pouched
lamprey, Geotria australis
(image by Shaun P. Collin),

¢ microvilli of the lungfish,
Neoceratodus forsteri (image by
Shaun P. Collin), d nipple array
on the cornea of the squinting
bush brown butterfly Bicyclus
anynana (image courtesy of
Doekele Stavenga). Scale bar
in each image is 1 pm
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1970). In addition, nipple arrays of analogous morphology
to those of insect eyes have been observed on insect wings
(Yoshida et al. 1996; Deparis et al. 2009).

One function of corneal microprojections in inverte-
brates is that they act as an antireflective coating. Nipple
arrays reduce specular reflection at air—chitin interfaces
(Bernhard et al. 1963; Miller et al. 1966), and the physical
properties of analogous man-made structures are well
described in the optical physics literature (see Wilson and
Hutley 1982; Kikuta et al. 2003). Antireflection occurs due
to impedance matching, accomplished by a gradual
increase in the proportion of chitin relative to air towards
the interface, reducing the abrupt refractive index discon-
tinuity. The requirement for high performance antireflec-
tion is that the refractive index transition takes place over a
distance greater than approximately one-third the wave-
length of incident light. In addition, the periodicity of the
array must be less than half the wavelength of incident
light: if this condition is not met then the array functions as
a diffraction grating, not an antireflective structure. Recent
optical modeling studies of nipple arrays in butterfly eyes
(Stavenga et al. 2006) and moth wings (Deparis et al. 2009)
have confirmed that their morphologies are well tuned to
produce effective antireflection in the wavelengths relevant
to vision (300-800 nm). In both cases, spectrally averaged
reflectivity is reduced by approximately an order of mag-
nitude over angles of incidence from 0 to 60 degrees,
providing good support for a role in crypsis (Miller 1979).
Underwater, camouflage is an especially acute problem,
with many animals evolving either transparent tissue
(Johnsen and Widder 1999) or reflective silver mirror struc-
tures to background match the photic environment in an axi-
ally symmetric light field (Denton 1970; Jordan et al. 2012).
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It has recently been suggested that antireflective nipple
arrays could also provide a mechanism for pelagic cam-
ouflage (Johnsen 2011).

An alternate hypothesis to explain the function of
invertebrate corneal nipple arrays is that they may aid
visual function in a low intensity light environment by
increasing transmission (Bernhard et al. 1963). Although
there is no behavioral evidence to support either
hypothesis, the percentage reduction in reflection due to
the presence of corneal nipple arrays is approximately
two orders of magnitude greater than the percentage gain
in transmission, which has provided the main line of
support for the camouflage hypothesis (Stavenga 2006)
over the visual function hypothesis (Bernhard et al.
1963).

A further consequence of antireflection properties of
nipple array structures is that the difference in transmitted
intensity between polarization components is reduced. This
has been hypothesized to be of adaptive benefit for animals
with polarization sensitivity, as polarization information is
better preserved across the cornea (Parker et al. 1998;
Vukusic and Sambles 2003).

Coleoid cephalopods are known to be polarization sen-
sitive (Moody and Parriss 1961; Shashar et al. 2001; Talbot
and Marshall 2010a, b; Pignatelli et al. 2011). It is there-
fore conceivable that, in a similar fashion to what is sus-
pected for insects, a nipple array structure could be of
adaptive benefit for their polarization sensitive visual sys-
tem. The potential importance of this hypothesis is
increased by recent findings that some cephalopods can
detect differences in the electric field vector (e-vector) as
small as 1 degree (Temple et al. 2012).

We set out to investigate if cephalopods possess corneal
microprojections and, if so, what type. Coleoid cephalo-
pods (octopus, cuttlefish and squid) are marine molluscs
(invertebrates) that possess camera-type eyes like verte-
brates, and many possess a cornea. To the best of our
knowledge, no reports of the corneal surface structure of
coleoid cephalopods have been made previously. If species
that possess a cornea also possess corneal microprojec-
tions, do they fit the terrestrial invertebrate form and pos-
sess a nipple array, or do they fit the camera-type eye form
of the vertebrate eye and possess microridges, microplicae
or microvilli?

Methods

Within the subclass Coleoidea, opportunistically acquired
samples of eight representative species from every coleoid
order, which possessed a cornea, were chosen (Fig. 2).
Fixed samples were donated from collections held by: Deep

Ocean Australia; The University of Queensland, Brisbane,
Queensland; Museum Victoria, Melbourne, Victoria.

Corneas were removed from the heads of specimens by
cutting the outer layer of skin from around the entire eye,
which included the corneal tissue that covered the pupil.
Specimens were prepared using a variety of methods,
which included fixation in 4-10 % formalin or 70 %
ethanol. Specimens were prepared for SEM analysis using
the following technique: corneas were postfixed in 1 %
osmium tetroxide in 0.1 M cacodylate buffer (pH 7.2)
followed by a water rinse and dehydration in a graded
series of alcohols. Specimens were dried with hexameth-
yldisilazane (Proscitech, Townsville, QLD, AUS), using a
graded series with hexamethyldisilazane:ethanol at ratios
of 1:3, then 1:1, then 3:1, and then finally three rinses in
full strength hexamethyldisilazane. The samples were left
immersed in hexamethyldisilazane and allowed to evapo-
rate slowly overnight. When completely dry, samples were
mounted on 10 mm aluminium stubs using double-sided
carbon tape. SEM images were taken from the outside and
inside surfaces of each cornea to obtain dimensions (height,
and distance between bases and peaks) of the structures.
Measurements of nipple height were collected along edges
in the samples, were side-on profiles were visible. How-
ever, such opportunities did not present themselves in all
samples and therefore height was not measured from every
sample. Images were analysed using ImageJ where mea-
surements of microstructure dimensions could be taken to
within £2 pixels (£10 nm). The mean of 50 dimensional
measurements (height, width and spacing) were obtained
for each specimen.

Results

The corneas of all species examined were found to possess
microprojections on the outside surface, varying consid-
erably in height, diameter and distance between peaks
(Table 1). In all species examined, the microprojections
took a hemispherical nipple-like form. In Hapalochlaena
maculosa, Sepia plangon, and Euprymna tasmanica the
nipple-like structures were arranged, for the most part, in
an ordered hexagonal array across the cornea with even
spacing and a consistent size distribution (Fig. 3a—c). In
Idiosepius pygmaeus, nipples were tightly packed but not
in an ordered array. This irregular arrangement was found
across the corneal surface; however, there were areas
where the micronipples appeared to be locally pentagonally
arranged (Fig. 3d). The nipples on the cornea of Sepio-
teuthis lessoniana had a more nodule-like form on a web-
like structure that was consistent across the entire corneal
surface (Fig. 3e). The remaining three species (Argonatua
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Fig. 2 Species selected for this study from the four orders of coleoid cephalopod (phylogeny according to Norman 2003) that possess a cornea.

Asterisk denotes the animal in the picture

Table 1 Dimensions of corneal nipples from a selection of coleoid
cephalopods

Species Mean Mean Mean Arrangement
height diameter spacing
(nm) (nm) (nm)
Argonauta argo N/A 80 £ 22 96 £ 29 Loose
aggregation
Euprymna 40 £ 11 63 +£ 8 119 £ 19 Hexagonal
tasmanica
Hapalochlaena 38 + 9 103 & 14 145 £ 26 Hexagonal
maculosa
Idiosepius N/A 83 £26 118 &£23 Irregular/
pygmacus pentagonal
Octopus N/A 75 £ 21 81 £ 22 Loose
briareus aggregation
Sepia plangon 47 £ 7 89 + 8 137 £ 23 Hexagonal
Sepioteuthis N/A 93 £25 125 + 61 Loose
lessoniana aggregation
Tremoctopus N/A 86 £27 109 £39 Loose
gracilus aggregation
argo, Octopus briarius and Tremoctopus gracilus)

possessed microstructures that appeared to be loosely
aggregated into clusters with an irregular distribution and
size range (Fig. 3f-h).

@ Springer

Discussion

Eight representative species from four orders of coleoid
cephalopods all possessed microprojections in the form of
nipples arranged in a variety of arrays: hexagonal, irregu-
lar, pentagonal, or loosely aggregated in small clusters on
the outer surface of their corneas. These morphologies are
similar to antireflective insect corneal nipple arrays (Miller
et al. 1964, 1966; Bernhard 1971; Stavenga et al. 2006),
and different from the microprojections described on the
camera-type eyes of vertebrates (Collin and Collin 2000b,
2006; Simmich et al. 2012). In common with insect nipple
arrays, some cephalopods had nipple arrays that were
hexagonally arranged, and all had a general paraboloidal
geometry, and were organised with a periodicity that
was <200 nm.

The morphological similarity between terrestrial insect
and cephalopod corneal microprojections motivated us to
undertake a comparative optical modelling investigation of
the antireflective capabilities of cephalopod and insect
structures. Measuring the reduction in reflectivity that an
insect nipple array imparts to a smooth chitinous interface
in air and comparing it to the reduction that a cephalopod
microprojection gives a smooth membranous cornea
interface in water, gives insight into the antireflective
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Fig. 3 SEM images of corneal
epithelial surfaces taken from
a H. maculosa, b S. plangon,
¢ E. tasmanica, d 1. pygmaeus,
e S. lessoniana, f A. argo,

g O. briarius and

h Tremoctopus spp. Scale bar
in each image is 1 pm

benefit that the structural adaptation provides each animal.
In turn, this allows us to establish if the nipple array
structure offers a clear optical advantage for the cephalo-
pod’s camouflage strategy and/or its visual system.
Reflectivity as a function of angle of incidence for a
smooth material interface is given by Fresnel equations and
is dependent on the refractive index contrast with the
environment. There are no measurements of the refractive
index of cephalopod corneas, but fish corneas can be as
high as 1.38 (Collin and Collin 1988), and biological
membranes can range from 1.46 to 1.54 (Meyer 1979).
Allowing for the possibility that a cephalopod cornea may
have a higher refractive index than the corneas of fish, we
assume a value of 1.40 and use 1.52 for the chitinous
arthropod cornea (Stavenga et al. 2006), as well as 1.33 and
1.00 for water and air, respectively. The values of reflec-
tivity at the interfaces with nipples are calculated using the
same effective medium model and transfer matrix approach
used by Stavenga et al. (2006). In our model, we assume
that the cephalopod microprojections have the same

paraboloidal nipple geometry as those of insect nipples,
with nipple heights of 60 and 220 nm, respectively
(Bernhard et al. 1970; Stavenga et al. 2006), and with the
nipples touching at the base.

In the absence of a nipple structure, the smooth chitin-
ous arthropod cornea in air would have a reflectivity of
approximately 4.2 % at normal incidence, whilst the
smooth cephalopod cornea in water would have a reflec-
tivity of 0.007 %. For the arthropod interface in air,
reflectivity is strongly reduced by the presence of a nipple
array from 4.2 to 0.2 % at normal incidence, whilst for the
cephalopod interface in water this reduction is minor, from
0.007 to 0.005 %. Reduction in reflection for off-axis
illumination is of a similar order of magnitude to normal
incidence in both cases (Fig. 4a) and indicates that there
are limited advantages provided by an antireflective
structure in cephalopods.

In addition, with nipple heights of <60 nm, it is clear
that cephalopod microprojections are not well adapted for
strong antireflective performance at optical wavelengths
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Fig. 4 a Angular dependence of mean reflectivity R(0) (taken as an
average over both polarizations) on the corneas of arthropods in air
(dotted without microprojections, dashed with microprojections
[height 200 nm]); and cephalopods in water (solid without micro-
projections, dash-dotted with microprojections [height 60 nm]). This
plot demonstrates that there is almost no optical advantage to the
presence of microprojections on a cephalopod cornea in water.
b Fresnel reflectivity at normal incidence Ry (solid line) as a function
of refractive index contrast (n,/n;) between cornea and environment.
This illustrates that in the absence of corneal microprojections the
cornea of arthropods in air has a reflectivity approximately three
orders of magnitude greater than the cephalopod cornea in water and a
reflectivity approximately five times greater than a biological
membrane in water using an upper bound upon the refractive index
contrast. The calculations for the smooth interfaces in (a, b) use the
Fresnel equations, and the calculations for nipple interfaces in a use
an effective medium model and transfer matrix method (Stavenga
et al. 2006). Assumed refractive index values are 1.52 and 1.40 for the
arthropod and cephalopod corneas, and 1.00 and 1.33 for air and
water, respectively, with the wavelength of incident light in a 500 nm

(to have strong antireflective performance at 500 nm we
would expect nipple heights of >160 nm). We therefore
conclude that, although having many morphological simi-
larities to arthropod corneal nipple arrays, cephalopod
corneal microprojections do not perform the same antire-
flective function. The potential biological functions of
crypsis (Bernhard et al. 1963; Miller et al. 1964; Miller
1979) and transmission enhancement for vision (Miller
1979; Stavenga et al. 2006) can therefore be ruled out. For
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the same reasons, it is not possible for corneal micropro-
jections to influence polarization sensitivity in these
animals.

The more general problem of whether an antireflective
structure is required in a pelagic environment (Johnsen
2011) does, however, require some further examination. It
is a property of the Fresnel equations that the reflectivity,
when averaged over both polarizations, is fairly constant
between 0° and 50° (Fig. 4a). Reflectivity at normal inci-
dence is, therefore, a good indicator of the reflection in this
angular range, which is also similar to the angular range at
which nipple array structures are good antireflectors
(Wilson and Hutley 1982; Stavenga 2006). Motivated by
this, we calculated reflectivity at normal incidence, R, as a
function of material-environment refractive index contrast
(np/ny) (Fig. 4b). It is clear that this relationship has posi-
tive curvature, with small refractive index contrasts pro-
ducing little reflection. Indeed, to produce reflectivity of
1 % a refractive index contrast of 1.22 is required. In
water, this corresponds to n, = 1.62, which is higher than
the upper bound of refractive index values measured for
membranes (Meyer 1979) and substantially higher than
measured values for fish corneas (Collin and Collin 1988).

In terrestrial vertebrates with their camera-type eyes and
soft corneas (as compared to the hard chitinous corneas of
arthropods), corneal microprojections increase the surface
area of the corneal epithelial cells possibly to increase gas
and nutrient exchange (Collin and Collin 2000a). Another
possible advantage of increasing surface area may be to
stabilize the tear/mucous film over the corneal surface,
thereby maintaining a clear optical goggle (Collin and
Collin 2000b). In the aquatic environment, the same
functions may apply. In the case of benthic coleoids (many
octopus, cuttlefish and small squid species such as Sepia-
dariidae) the mucous layer would be protecting their eyes
from abrasion during foraging, hunting and burrowing
activities and such protection, provided by the mucus layer
that lines the entire body of the animal, may be stabilized on
the cornea via the nipple array. It is interesting to note here
that insect nipple arrays also have non-optical functions and
have been demonstrated to act as anti-adhesive structures
(Peisker and Gorb 2010), with insect eye and wing arrays
being super-hydrophobic (Gao et al. 2007; Sun et al. 2009).
Both of these properties are thought to arise due to a
decrease in the available contact area between contaminat-
ing particles and the surface of the structure, and are desir-
able features in humid or contaminated environments.

In summary, all coleoid cephalopods examined in this
study possessed microprojections on the epithelial surface
of the cornea. These microprojections took the form of
nipples, with considerable diversity in the actual shape and
arrangement on the surface of the cornea. Based on mod-
eling, the potential optical role of these structures in the
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aquatic environment, we can dispel previous hypotheses
that corneal microprojections, at least of the size range
reported here, play a role in enhancing crypsis or trans-
mission of light, be it polarized or not. We suspect that
corneal microprojections in cephalopods may play a role in
cell metabolism or in stabilizing the mucous film through
increasing cell surface area.
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