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Abstract

The dorso-laterally located eyes of the southern hemisphere larMwalacia mordax(Agnatha) contain a single
morphological type of retinal photoreceptor, which possesses ultrastructural characteristics of both rods and cones.
This photoreceptor has a large refractile ellipsosome in the inner segment and a long cylindrical outer segment
surrounded by a retinal pigment epithelium that contains two types of tapetal reflectors. The photoreceptors form a
hexagonal array and attain their peak density (33,200 recgptor® in the ventro-temporal retina. Using the size

and spacing of the photoreceptors and direct measures of aperture size and eye dimensions, the peak spatial
resolving power and optical sensitivity are estimated to be 1.7 cyclestdegnimum separable angle of 34)

and 0.64um? steradian (white light) and 1.38m? steradian (preferred wavelength b.,), respectively.
Microspectrophotometry reveals that the visual pigment located within the outer segment is a rhodopsin with a
wavelength of maximum absorbanck.{;,) at 514 nm. The ellipsosome has very low absorptart@ @5) across

the measured spectrum (350—-750 nm) and probably does not act as a spectral filter. In contrast to all other lampreys
studied, the optimized receptor packing, the large width of the ellipsosome-bearing inner segment, together with the
presence of a retinal tapetum in the photophdéardacia all represent adaptations for low light vision and

optimizing photon capture.
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Introduction brian at least 540 million years ago (Shu et al., 1999; Xian-guang

Lampreys comprise three living families: the Petrom zontidaeet al., 2002).
prey P 9 ’ Y To ascertain the evolutionary events leading up to the appear-

(northern hemisphere) and the Mordaciidae and Geotriidae (Soumdnce of photoreception in the jawed vertebrates, many studies have

ern hemisphere). Although their eyes have several characteristicgéen undertaken and have concentrated on the eyes of lampreys.

that are primitive and not found in gnathostomatous (jawed) . -
) - . . However, the complement and morphological characteristics of the
fishes, their structure still conforms to the basic vertebrate plan

(Duke-Elder, 1958; Land & Nilsson 2002). Together with the photoreceptors in representatives of the three lamprey families

. . X have been found to vary markedly, providing only limited clues to
hagfishes, this group (the Agnatha) represent an important stage |n " ..~ capabilities yin the ar)llcgstral vgrteb?/ates. Within the

vertebrate evolution, which, based on recent fossils uncovered IF—"etrom zontidaeDetromyzon marinuéDickson & Graves, 1979
China, inhabited shallow water environments in the early Cam-1982) ﬁ/ampetra‘fluviatisllis (Ghman, 1971, 1976; HoIm,berg &

Ohman, 1976; Holmberg, 1977),. japonica (Yamada & Ish-

Address correspondence and reprint requests to: Shaun P. Colli ikawa, 1967; Tonosaki et al, 1989), lamottenii(Walls, 1928),

Department of Anatomy and Developmental Biology, S.chool of Biomed-IEntOSphenus sgStell, 1972), andchthyomyzon unicuspisS. P.

ical Sciences, The University of Queensland, Brisbane 4072, Queenslan&ollin, unpublished data) all appear to contain one type of cone
Australia. E-mail: s.collin@ug.edu.au (long) and one type of rod (short) photoreceptor in their retina,
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766 S. P. Collin et al.

although debate still persists. Within the Geotriid@eotria aus- then flattened onto a gelatinized microscope slide by making
tralis, the sole member of the family, contains five types of coneseveral peripheral incisions. The retina was mounted in 100%
photoreceptor based on morphological (Walls, 1942; Collin et al. glycerol under a raised coverslip, which was sealed with clear nail
1999), spectral (Collin et al., 20@3 and molecular (Collin et al., polish to prevent dehydration.
2003; Collin & Trezise, 2004) criteria. The eyes of the southern  Using a slide projector, the outline of each retina was enlarged
hemisphere lampreiordacia mordax the subject of this study and traced onto 1-cfrgraph paper, taking care to align the edge of
and one of the two parasitic species in the third family of lampreysthe slide with the gridlines. The locations of major landmarks,
the Mordaciidae, possesses only a single morphological type ahcluding the position of the optic nerve head, were marked and
photoreceptor with both rod- and cone-like characteristics (Collinused to orient the retinal map with the coordinates of the micro-
& Potter, 2000). Based on the critical positionMbrdaciain the scope stage when viewing the retina at high magnification. Photo-
phylogeny of lampreys (Gill et al., 2003) and its unique comple-receptors were viewed using Normarski differential interference
ment of photoreceptors, further study of photoreception in thiscontrast (NDIC) optics with a Zeiss Axioplan microscope at a
species is likely to reveal important clues to the evolution of magnification of 100&. The number of cells falling within a 18
photoreception and visual plasticity, particularly given the range ofl0 square grid (eyepiece graticule) were counted at intervals of
visual demands placed on representatives of each of the thré2 mm across each retina, with additional counts performed in
families and the different photic environments they inhabit. areas of increased cell density. Cell densities were then converted

The aims of the present study are to examine photoreceptioto cells mni2 and plotted on the retinal map. A composite map
and vision in the southern hemisphere lamphgrdacia mordax  from eight retinae was constructed and mean cell densities (
The spatial distribution of the single class of photoreceptor isstandard deviations) were calculated. The method utilized to avoid
examined in addition to the significance of a regional variation indouble counting and the construction of isodensity contours fol-
receptor density in the context of previous findings that the eyesowed Collin and Pettigrew (1988). The total number of photo-
possess a ramped retina and a nonspherical lens (Collin & Pottereceptors across the retina was estimated by summing the product
2000). Photoreception is also assessed microspectrophotometdf the mean receptor density within each retinal area by the area of
cally by examining the spectral absorbance of the visual pigmengach isodensity contour. Counts were not corrected for shrinkage,
located in the long outer segment and the spectral transmittance @fhich is known to be small (approximately 3% for free-floating
the large ellipsosome located in the inner segment. Our measureetinae; Hart, 2002).
ments of spatial resolving power and optical sensitivity indicate
that this photophobic species is adapted for vision in low light_ . . . .

) . . Estimation of spatial resolving power
environments, and possesses a visual ecology very different from
all other lampreys. Spatial resolution of the eye ™. mordaxwas estimated using the
optical properties of the eye and the photoreceptor spacing. Al-
though Matthiessen’s ratio states that the distance from the lens
center to the retina is 2.55 times the radius of the lens (Matthies-
sen, 1882), a ratio of 2.52 is used in this study following calcula-
tions made on frozen sections of the eye of a 110-mm-long
Sixteen metamorphosing representativeglofdacia mordax Mor- individual (Collin & Potter, 2000). The focal lengthf} is there-
daciidae, Agnatha) (2-3 g, 110-140 mm in total length, Figs. 1Afore 1.51 mm in an eye with a lens diameter of 2.19 mm on the
& 1B) were collected from streams and rivers in south-westernvisual axis. The minimum separable angle) (was calculated
Australia using an electric fish shocker. All individuals were using the focal lengthf() and the photoreceptor separatias)(in
maintained in laboratories (Queensland Government Departmeithe formula,a = arc sin(2cs/f) (Tamura & Wisby, 1963). For a
of Primary Industries General Fisheries Permit, Stock Impoundhexagonal photoreceptor array (as M morday, cs can be
ment No: PRM01814G), in which temperature and ljglark replaced byv(3)cs/2 (Snyder & Miller, 1977). Thereforeg =
regimes paralleled, as closely as possible, those in the field. Thesec sin 2[(v(3)cs/2)/f ].
animals were used for experiments in spring, very soon after the
time when, as young adults, they would otherwise have entered t
sea (Potter et al., 1982).

Materials and methods

Collection of animals

hEstimation of optical sensitivity

The optical sensitivity was calculated using Land’s equation (for
the absorption of light at the absorbance peak wavelength, Land,
1981) and a modification of Land’s equation derived by Warrant
Four animals were sacrificed using an overdose of methane triand Nilsson (1998) for the absorption of white light. Optical
caine sulfonate salt (MS 222, 1:2000) followed by decapitation,sensitivity (S) = (7/4)2-A%.(d/f )2-F um? steradian, wheré is
under the ethical guidelines of the National Health and Medicalthe diameter of the circular pupil aperturgr), d is the diameter
Research Council of Australia. The cornea and lens of each exciseaf the photoreceptor outer segmenin), f is the focal length of

eye were removed and a lesion made in the dorsal retina fothe eye (inum, calculated in mm above), ardis the fraction of
orientation. The eyecup was then fixed in 4% paraformaldehyde ifincident light absorbed by each photoreceptor and can be calcu-
0.1 M phosphate buffer (pH 7.2—7.4) for 1 h. The axial length of lated for both white light and the wavelength of peak absorption
the unfixed, excised lens was measured with vernier calipers anfl\,ax). Although the visual ecology oM. mordaxis unknown
used to calculate the spatial resolving power of the eye (seéuring its protracted marine phase, downstream migrants would be
below). Following fixation, and while immersed in 0.1 M phos- exposed predominantly to white light in their natal river although,
phate buffer, the retina was freed from the underlying retinalin some areas, the rivers are stained with tannin and may transmit
pigment epithelium (containing a tapetum) and the overlyingpredominantly longer wavelength lightl. mordaxare presumably
vitreous humour. The retina (photoreceptor layer uppermost) wasxposed to attenuated light and exposed to wavelengths closer to

Visualisation and spatial mapping of photoreceptors
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the photoreceptor peak absorption in deeper parts of the water
column while at sea (Potter et al., 1968; Potter & Strahan, 1968).
Therefore F is calculated for both light conditions. In white light,

Fn = klI/(2.3 + klI), wherek is the photoreceptor absorption
coefficient (reported to be 0.03Bm™? for teleosts, Land, 1981,
Partridge, 1990; Warrant & Nilsson, 1998) ahds the outer
segment length g#m). For monochromatic light at the preferred
wavelength of the photoreceptdf, =1 — e ¥ (Land, 1981;
Warrant & Mcintyre, 1990). All calculations assume that the
photoreceptors capture photons from an extended light source
(Land, 1981; Warrant & Nilsson, 1998).

Microspectrophotometry

Four dark-adapted downstream migrantsvf mordaxwere eu-
thanazed with an overdose of MS 222 (1:2000) and their eyes
removed. Retinae were dissected out under infrared illumination,
cut into small pieces, and mounted in a solution of 275 mosmol
kg~! phosphate buffered saline containing 10% dextran. Absor-
bance spectra (350—750 nm) of individual photoreceptors were
made using a single-beam, wavelength-scanning, computer-
controlled microspectrophotometer (MSP), as described elsewhere
(Shand et al., 2002; Collin et al., 2083 Measured absorbance
spectra were analyzed using the method of Govardovskii et al.
(2000) to estimate thea Of the visual pigment. Spectra were
fitted with both A; and A-based visual pigment templates (Govar-
dovskii et al., 2000) to establish which type of chromophore was
present. Outer segments were bleached with broadband white light
from the monochromator at its blaze angle to confirm that the
putative visual pigments were photolabile. The spectral absorp-
tance of the large ellipsosome located within the inner segment
was also measured to determine whether this intracellular structure
has a spectral tuning function.

”
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Fig. 1. A: A pair of adult southern hemisphetdordacia mordaxB: Close

up of the head oM. mordaxin lateral view showing the dorso-lateral

The relative quantal spectral sensitivity of the single photoreceptoPOsition of the eyes and the upwardly orientated pupillary aperture. C:

type was calculated from microspectrophotometric measurementddht micrograph of the photoreceptor array and underlying retinal tapetum

of the visual pigment and ellipsosome. Visual pigment Spectraphotographed using quarsk| d|fferen_t|al interference contrast (NDIC)
; . microscopy. Note the tightly packed inner segments arranged into an

a_l:)sor_ptance was mOdele.d using a mathematl_cal template for xagonal array and the yellggreen reflex reflected from the tapetum

vitamin A-based visual pigment of the appropriatga. (Govar-  |,cated in the retinal pigment epithelium. Scale bars: 20 mm (A): 3 mm

dovskii et al., 2000). Since microspectrophotometric measure(g): and 20um (C).

ments were made transversely and not axially, absorbance by the

visual pigment and the ellipsosome was adjusted according to their

respective dimensions (Collin & Potter, 2000 and this study). The

photoreceptor absorption coefficiemt, used for this calculation

was assumed to be 0.0g%n " (see above), which corresponds to

a specific decadic absorbance of 0.Q4% L.

Predicting photoreceptor spectral sensitivity

tapetal reflectors has been previously reported in Collin and Potter
(2000).

Results Topographic analysis of the photoreceptor array

The eyes of the southern hemisphere lampviydacia mordax  The photoreceptor array in the eyeMf mordaxis predominantly

are located dorso-laterally in the head, subtending a large binoculdrexagonal throughout the retina (Fig. 1C). However, in some
overlap in the upper region of their visual field (Figs. 1A & 1B). regions, each receptor is bordered by either five or seven neighbors
Axial eye diameter is 2.2 mm. The pupillary aperture is circular rather than six (Fig. 1C). This type of optimal packing is observed
and undergoes active constriction in response to light by reducingt the levels of the myoid and both the inner and outer segments.
its area between 5% and 20% of the maximally dilated pupil area The spatial distribution of photoreceptors in the dorsal and
(measured from photographs at 10, 20, and 60 min after lightentral regions of the retina (mean density5.D.= 8870+ 3446
exposure). The irideal pigmentation is predominantly brown, in-receptorgmm?; Fig. 2) is relatively uniform, and consistently
terrupted by golden yellow reflective material with the underlying lower than in the ventral retina, where the density of photorecep-
fundus eliciting a clear, yelloygreen eye shine (Fig. 1B). The tors increases markedly towards the ventral periphery and attains a
ultrastructural characterization of both the photoreceptors and thpeak of 33,200 receptors per rirtarea centralis) in one small
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frozen sections of the eye along the visual axis (Collin & Potter,
2000). This low MSA value translates to a resolving power of 1.7
cyclesdeg or 3.5 cellgdeg.

Optical sensitivity

Optical sensitivity is the ratio of photons absorbed to the photons
emitted per unit solid angle from an extended source (Warrant &
Nilsson, 1998). Since thEnumber (focal lengtfaperture diam-
eter) is thought to be constant, at least for teleosts (Fernald, 1990),
the length and diameter of the photoreceptor outer segments is
critical in anatomically determining optical sensitivity. For the
single class of photoreceptor M. mordax the optical sensitivity
is found to be 0.64um? steradian and 1.3gm? steradian for
white light and the preferred wavelength.{,,) of the photorecep-
tor, respectively. The downstream migrantshbf mordax which
travel down their natal rivers toward the sea, will encounter
predominantly white light (although some parts of the river may be
- . : stained with tannin and therefore may transmit predominantly long
B'* o : J ' . wavelength light). However, during their subsequent marine phase,
I Yad

these animals may encounter more attenuated light at depths,
closer to their peak spectral sensitivity (see below).
The fraction €) of incident light absorbed by this type of

. photoreceptor (absorptance), is based on the length of the outer
- segment I() and the photoreceptor absorption coefficiekt =
4 0.035um™* for bony fish, Land, 1981; Partridge, 1990; Warrant &

J o H ) . ; - . Nilsson, 1998). Although the skate (Elasmobranchii) has a slightly
4 1 different value fork (0.037 um—1, Cornwall et al., 1989), in the
absence of empirical data on agnathans, the teleogteatue is
[ B ¥ y J_,a - : ' ; used here. The fraction of light absorbed for white light and the
TN & ‘ * preferred wavelength is 0.25 and 0.53, respectively. Based on the
& “4"‘."1,‘.)')-" - . o premise that a value df = 1.0, _ is optimal for maximal light
_‘JJ ad.P ‘ A i ‘-" absorption (Fritsches et al., 2003), the mean outer segment length
) ) of 21.7 um in M. mordaxis relatively short. However, when the
Fig. 2. Spatial sampling by the photoreceptor array in the retinMof-  |ength of the outer segment is doubled to account for the presence
dacia mordaxA: Iso-density contour map showing that receptor density of 4 reflective retinal tapetum (E. J. Warrant, personal communi-
|r_1creasgs in t_he _ventro-tempore_tl retina, yvh|ch samples the _upper front%ation), where light will again pass through the photoreceptors,
visual field with increased spatial resolving power. A sampling transectopticaI sensitivities reach LQBmQ sr and 2.02Mm2 sr for white

across the retina along the main visual axis reveals an almost unifor .
receptor density in dorsal retina, giving rise to a gradient (up to 3:1) tharﬁllght and at the preferred wavelength, respectively (Table 1).

peaks at a maximum of 33,200 recepfans®. The optic nerve head is
depicted by the circular black profile in central retina. Densities>at6® Microspectrophotometry
photoreceptorsnm? N: nasal; and V: ventral. B: Axial view of the
photoreceptor array, without the underlying tapetum, imaged in retinalOn the basis of the goodness-of-fit of the mean absorbance spectra
wholemount at the level of the ellipsosomes using Nomarski differentialto mathematical visual pigment templates (Govardovskii et al,.
interference contrast optics. Note that the ellipsosomes appear clear P000), the visual pigment in the single photoreceptor type of
contrast to the yelloyigreen coloration observed when the retinal pigment \jordacia mordaxis considered to be a vitamin,dased rhodop-
epithelium is still in place (see Fig. 1C). Scale bad5 um. sin (where the chromophore conjugated with the opsin protein is
the aldehyde of vitamin A 11-cis retinal). The mean wavelength
(£ S.D.) of maximum absorbance {,,) of the prebleach spectra
is 514.4+ 1.68 nm prebleachn(= 20) (Figs. 3A, 3B and 3D). The
region of the ventro-temporal quadrant of the retina (Fig. 2). Ameana., of the difference spectra created by bleaching the outer
total of 104,830 photoreceptors occupy the photoreceptor layer. segments with white light is 517:85.68 nm. The mean transverse
measured absorbance at thg.x of the difference spectrum is
0.043+ 0.016 nm. Microspectrophotometric analysis of the ellip-
sosomesr{ = 10) revealed an absorptance of less than 0.05 across
The minimum separable angle is calculated using the photorecephe measured spectrum (Fig. 3C), indicating that these large
tor spacing of the single type of photoreceptor in the ventral regiorintracellular inclusions do not contain any pigment that causes
of the retina and is based on the angle subtended by the period spectral filtering of the incident light before it reaches the visual
a grating twice the intercone separation, at the level of the innepigment in the outer segment. The slight increase in absorption at
segments. For an individual with a total length of 110 mm, theshort wavelengths, evident in the mean spectrum in Fig. 3B, is
minimum separable angle (MSA) is 34, based on a direct probably an artefact due to increased scattering of the measuring
measure of the distance from the lens center to the retina made mream at short wavelengths.

Spatial resolving power
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Table 1. Measures of optical sensitivity in a range of vertebrate photoreceptors

Fraction Fraction
Aperture Focal 0os oS of light of light Sensitivity ~ Sensitivity
diameter length diameter length absorbed absorbed (um? sr, (um? sr,

Species (mm)  (mm) (wm) (mm) (white light) (atAmax) White light) Amax) Reference(s)

Mordacia mordax 0.61 15 5.0 21.7 0.25(0.40) 0.53 (0.78) 0.64 (1.03) 1.38 (2.02) This study

Geotria australis 0.63 1.2 2.2 10.0 0.13 0.30 0.12 0.26 Collin et al. (2003a)
(lamprey large cone)

Geotria australis 0.63 1.2 1.4 7.0 0.10 0.22 0.03 0.08 Collin et al. (2003a)
(lamprey medium cone)

Geotria australis 0.63 1.2 1.1 17.2 0.21 0.45 0.05 0.10 Collin & Trezise (2004)
(lamprey small cone)

Choerodon albigena 4.80 6.1 3.0 15.0 0.19 0.41 0.60 1.40 Collin & Pettigrew (1989),
(teleost double cone) Fritsches et al. (2003)

Makaira nigricans 19.00 24.2 4.0 72.0 0.52 0.92 3.20 5.60 Fritsches et al. (2003)
(teleost double cone)

Scopelarchus michaelsarsi 2.60 2.7 2.8 46.0 0.56 0.95 2.41 4.06 Collin et al. (1998)
(deep-sea teleost rod)

Corythoichthyes paxtoni 0.40 0.6 2.6 9.3 0.12 0.28 0.20 0.44 Collin & Collin (1995; 1999)
(teleost double cone)

Bufo americanus 5.60 4.7 25 54.0 0.48 0.88 2.60 4.79 Mathis et al. (1988)
(amphibian rod)

Homo sapiens 3.00 16.7 5.0 30.0 0.27 0.57 0.13 0.28 Land (1981), Warrant
(human cone) & Nilsson (1998)

Homo sapiens 8.00 16.7 3.0 30.0 0.27 0.57 0.34 0.72 Land (1981), Warrant
(human rod) & Nilsson (1998)

aThe fraction of light (white light and light at the preferred wavelengthm) absorbed by a range of vertebrate photoreceptors and their corresponding
optical sensitivities. The measurements used in calculations have been taken from the cited references and are predominantly from morpéological da
assessed in fixed tissue. The values in bracket$/fandacia mordaxtake into account the presence of a retinal tapetum, where the outer segment length
has been doubled. The absorption coefficidnt(0.035um ™2, Partridge, 1990) calculated for bony fishes is used for all species exceftitichaelsarsi
(0.064um™1, Partridge et al., 1989B. americanu$0.039um™?, Harosi, 1975), an#l. sapieng0.028m™, Alpern and Pugh, 1974). OS: outer segment;

and sr: steradian.

Discussion (providing an increased depth of field through a stenopaic effect),
and the specialized nature of the ventral retina for higher spatial

Spatial distribution of photoreceptors and spatial resolving power all suggest that the eye Mf mordaxhas the

resolving power ability to focus objects at different distances without the need for

In the retina oM. mordax the density of photoreceptors is greatest dynamic accommodation.
. : * 1 Iy orp P 9 The estimate of spatial resolving power (1.7 cygtiEg) and
in the ventro-temporal region. Uniquely among lampreys, the eyes . . )
minimum separable angle ('), based on photoreceptor spac-
of M. mordaxare located dorso-laterally. Consequently, the temporo- . . . . '
. . 5 . ing, is lower than in teleosts such as the white cragpoenoxis
ventral region of the retina will sample the upper frontal region of i A
. . . . . . . annularis (7’0", Browman et al., 1990), the convict fidWicro-
the visual field with high spatial resolving power (see Fritzsch & . . . .
. . L . L canthus strigatug3'36”, Yamanouchi, 1956; Nakamura, 1968),
Collin, 1990 for alternative strategies in spatial sampling in the

etromyzontid|chthyomyzon unicuspisT his specialization would the bluegill sunfishl.epomis macrochirug2'42”, Williamson &
p Y yomy P . Keast, 1988), the cichlitiaplochromis argen§l1’, van der Meer,

pe inva}uable for detecting aerial predators and identifying hosts |r1995) and a range of marine species examined by Tamura (1957)
its marine phase. who found acuities from’42" to 1524". Considering that there is

The lens of M. mordaxis tapered posteriorly and may not . . .
. . . . .often an appreciable convergence of information onto the output or
provide a uniformly focused image across the retina. It has previ-

ously been proposed that the similarly tapered lens in other Specieqsangllon cells and that behavioral acuity is constrained by their

- . - Spacing (Collin & Pettigrew, 1989), the spatial resolution\df
of lampreys, for examplejchthyomyzon unicuspigColiin & mordaxmay be even less. However, spatial resolving power based
Fritzsch, 1993) andGeotria australis(Collin et al., 1999), is Y ' 'SP gp

multifocal or varifocal (Munk, 1986), and mediates near vision for on gangllon ceI_I spacing W?S not calgulate_d given _the high pro-
objects viewed by the dorsal retina. Howeverl.imnicuspisand portion of ganglion cells (74%) that reside within the inner nuclear

G. australis the lens is displaced ventrally, where the distance!i{oerrmlgtilgrr]ngggf di(:élttiiczo%lvi?g:anr;cigc?? z) k?clgrtehciéatlg:(s?;:;l)s/
between the lens center and the retina in the dorsal part of the eye '
would be greater than in the ventral part of the eye, thereby
providing a blurred image of a distant object and a sharp image o&
a near object (or myopia). However, since the lenslimordaxis
dorsally displaced, the ventral hemiretina would be adapted foiThe low spatial resolving power of the eye and the large diameter
near vision and the remainder of the eye would be highly hyperof the photoreceptors suggest that the retinaVbf mordax is
metropic for off-axis rays and adapted for far vision. The possesspecialized for increased sensitivity. The optical sensitivity for this

sion of a ramped retina, a tapered lens, a small pupillary aperturphotoreceptor type is calculated to be 0.¢482 sr for white light

ptical sensitivity
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Fig. 3. Spectral characterization of the single class of photoreceptor in the elyraficia mordax A: Prebleach and postbleach
absorbance spectra. Filled squares indicate the mean prebleach absorbance spectrum fitted with the template spectrum (thick line) of
Govardovskii et al. (2000). The open circles represent the mean postbleach absorbance spectrum fitted with an unweighted running
average (thin line). B: Mean difference spectra (filled squares) fitted with a template spectrum of Govardovskii et al. (2000) (thick line).

C: Trace of the mean absorptance of the ellipsosome within the inner segment fitted with an unweighted running average (smooth line).
D: The relative quantal spectral sensitivity of the whole photoreceptgi«(= 514 nm), based on both the visual pigment and
ellipsosome spectra and the dimensions of the inner and outer segments.

and 1.375um? sr for the preferred wavelength,,, (Table 1). In However, another measure of the sensitivity of the photorecep-
the sole representative of the other southern hemisphere familyor population can be gauged from the fractioR) (of light
Geotria australisthe retina contains 5 types of cones (Collin et al., absorbed. This is largely dependent on the length of the photo-
1999, 2003,b; Collin & Trezise, 2004). The optical sensitivities receptor, where a value &, _ = 1.0 would reveal an optimal

(S) of the small cones (C5 of Collin & Trezise, 2004) are outer segment length (Fritsches et al., 2003). Wavelengths in white
0.046,um? sr (for white light) and 0.10@um? sr (for the preferred  light, other than the\,,,, are absorbed at a lower rate, resulting in
wavelength). For the medium cones (C3 and C4 of Collin & a reduced fraction of light absorbed and therefore reduced sensi-
Trezise, 2004)S equals 0.034um? sr (for white light) and tivity (Warrant & Nilsson, 1998). InM. mordax Frpe = 0.53,
0.078um? sr (for the preferred wavelength), and for the large conewhere only half of the available light at the preferred wavelength
(C1 and C2 of Collin & Trezise, 20048 equals 0.117m? sr (for is being absorbed. However, this fraction may be increased sub-
white light) and 0.26Qum? sr (for the preferred wavelength). The stantially by the presence of both diffuse and spectral reflectors
single class of photoreceptor M. mordaxis therefore between 5  within the retinal pigment epithelium (Collin & Potter, 2000).
(large cone) and 18 (medium cone) times more sensitive than th€herefore, a more accurate measure of optical sensitivity should
photoreceptor types (based at least on morphological criteria) imake into account the light passing back through the photorecep-
the retina ofG. australis The values for the optical sensitivities of tors. When the effective length of the photoreceptor outer segment
the photoreceptors M. mordaxandG. australiscan be compared in M. mordaxis doubled, the fraction of light absorbed increases to
with calculations of 5.6Qum? sr for the double cones in the blue 0.40 (white light) and 0.78 (at the preferred wavelength), respec-
marlin Makaira nigricans(Fritsches et al., 2003), 2.60m? sr for tively, thereby optimizing light absorption and improving optical
the rod in the toadBufo americanugMathis et al., 1988), and sensitivity (1.03um? sr in white light and 2.02um? sr at the
0.13um? sr and 0.34um? sr for cone and rod in the humafomo preferred wavelength, Table 1). These values suggest that the
sapiens(Land, 1981; Warrant & Nilsson, 1998), respectively, in retinal receptors oM. mordaxare between 8 (large cone) and 35
white light. (medium cone) times more sensitive than thosé imustralis An



Vision in the lamprey Mordacia mordax 771

estimated optical sensitivity of 2.g2m? sr for M. mordax(at the ~ those of the rod visual pigments found in a range of teleost fish
preferred wavelength) is surpassed in aquatic vertebrates only kspecies (e.g. Munz & McFarland, 1973). However, given that the
the receptors in the blue marlivakaira nigricans(5.60 um? sr) true rod visual pigment (the opsin geR@1) has not been found in
and the deep-sea pearle§eopelarchus michaelsai@.06um? sr), either of the two other families of lampreys (Petromyzontidae and
which live in extremely low light levels (Table 1). Geotriidae) and that full scotopic (dim light, rod-based) vision is
most likely only to have evolved after the separation of the jawed
(gnathostomatous) vertebrates (Collin et al., 2008ollin &
Trezise, 2004), the identity of the receptor typéMordaciais still

The 514 nmA,a rhodopsin (vitamin A-based visual pigment) of uncertain.

M. mordaxis spectrally similar to that recorded for the short  The ellipsosome located in the inner segmentvof mordax
photoreceptors in the upstream migrants of two petromyzontichhotoreceptors has a very low absorbance across the entire spec-
lamprey specied,ampetra fluviatilis(517 nm rhodopsin, Govard- trum, suggesting that it does not have a spectral tuffilbering
ovskii & Lychakov, 1984) andPetromyzon marinug525 nm  function, unlike the yellow short-wavelength absorbing filters
porphyropsin (vitamin A-based visual pigment, Harosi & Klein- within the myoid regions of the photoreceptors @G australis
schmidt, 1993), and one of the two medium cones in the down{Collin et al., 200&). Given the other retinal adaptations for
stream and upstream migrant phase& odustralis(porphyropsins  increasing photon capture M. mordax another possible function
with Anax @t 506 nm and 500 nm, respectively; Collin et al., for the large ellipsosome is to focus light onto the visual pigment
2003; Collin & Trezise, 2004). Thesaax values are similar to  within the outer segment. This would parallel the role played by

Spectral sensitivity

A B C

Holarctic lampreys Geotria australis Mordacia
mordax

outer segment

outer segment

ellipsoid

il

ellipsoid ellipsosome

refractile bodies 17

myoid

OLM — O— —

Cone-like Rod -like Cone-like  Cone-like Cone-like Cone-like Cone-like Rod/Cone
(long) (short) (C1) (C2) (C3) (C4) (C5)

Fig. 4. Schematic diagram summarizing the complement and morphology of the photoreceptors in downstream migrants of the northern
hemisphere (holarctic) lamprefetromyzon marinuandLampetra fluviatilis(Holmberg & Ohman, 1976; Dickson & Graves, 1982,
Petromyzontidae, A), the southern hemisphere lam@ewtria australis(Collin et al., 1999, 2008 Geotriidae, B) andVordacia
mordax(this study, Mordaciidae, C). The nomenclature for the five cone-like receptors (C1-G5pimstralisfollows that of Collin

and Trezise (2004). Note the refractile bodies are the predominant feature characterizing the rec@ptustinalis These are yellow
short-wavelength absorbing filters. OLM: outer limiting membrane. Scale=b&um.



772 S. P. Collin et al.

similar oil droplet-like structures in the cones of certain reptilesReferences
(Pedler & Tilly, 1964; Wong, 1989) and birds (Young & Martin,

1984). Since the ellipsoid region of the inner segment containareern, M. & Puch, ENN. (1974). The density of photosensitivity of
ing the ellipsosome is 25% wider than the outer segmerilin human rhodopsin in the living retinalournal of Physiology237,
mordax a proportion of the light striking the inner segment  341-370.

. . . BrowMAN, H.I, GorbpoN, W.C., Evans, B.I. & O’BRIEN, W.J. (1990).
would fail to reach the visual pigments. We suggest that any Correlation between histological and behavioural measures of visual

focusing ability of the ellipsosome is mediated by an intracellu-  acuity in a zooplanktivirous fish, the white crappiBamoxis annu-
lar increase in refractive index afat its elliptical shape (Young laris). Brain Behavior and Evolutioi35, 85-97.
& Martin, 1984). CoLLIN, S.P. & PETTIGREW, J.D. (1988). Retinal topography in reef tele-
osts. |. Some species with well-developed areae but poorly-developed
streaks Brain Behavior and Evolutio31, 269-282.
CoLLIN, S.P. & PETTIGREW, J.D. (1989). Quantitative comparison of the

Optical adaptations for vision in low light environments limits on visual spatial resolution set by the ganglion cell layer in
. . twelve species of reef teleostBrain Behavior and Evolutior34,
The downstream migrants &fl. mordaxburrow during the day 184-192.

and emerge at night and the same is also true for adults during theiforLiv, S.P. & CorriN, H.B. (1995). Ultrastructure and organization of
upstream migration, a situation which is unique amongst lampreys the cornea, lens and iris in the pipefisBorythoichthyes paxtoni
(Potter et al., 1968). The dorsal alignment of the two visual axes_ (Syngnathidae, Teleostehistology and Histopatholog0, 313-323.

| that. b LS hot t the Vi ?OLLIN, S.P. & CoLLIN, H.B. (1999). The foveal photoreceptor mosaic in
may also ensure that, by maximizing photon capture, the visual o pipefish,Corythoichthyes paxtor(iSyngnathidae, Teleosteiis-

field is optimal for facilitating its migratory movements gfuat tology and Histopathology4, 369—382.
detecting predators at night. CoLLIN, S.P. & FritzscH, B. (1993). Observations on the shape of the lens
Photon capture, and thereby sensitivity, would be also greatly in the eye of the silver lampreychthyomyzon unicuspisCanadian

. S - : . - Journal of Zoology71, 34—41.
enhanced in this highly photophobic species by its possession bOI&LLIN SP & POT%R L.C. (2000). The ocular morphology of the

of large receptors, which are far greater in size than the photo-  ¢qthern hemisphere lampréjordacia mordaxRichardson with spe-
receptors of any other lamprey species examined, and of a prom- cial reference to a single class of photoreceptor and a retinal tapetum.
inent ellipsosome, whose function is presumably to focus light Brain Behavior and Evolutiois5, 120-138. S
onto the outer segment. Furthermore, the outer segmeM. in CoLLIN, S. P. & TREZISE, A.E.O. (2004). The origins of colour vision in
mordax is also twice as long as the photoreceptors of other. vertebratesClinical and Experimental Optometi§7, 217-223. ‘

. . . CoLLIN, S.P., HoskiNs, R.V. & PARTRIDGE, J.C. (1998). Seven retinal
lampreys (Fig. 4), which would greatly increase the amount of  specialisations in the tubular eye of the deep-sea pearBga@elar-
visual pigment exposed to the incoming light path. Other charac- chus michaelsarsiA case study in visual optimisation. Brain Behavior
teristics of the eye, which are unique amongst lampreys and would and Evolution51, 291-314.
enhance sensitivity in low light intensities, include the presence of ©-LN> SP. POTTER, LC. & BRAEKEVELT, C.R. (1999). The ocular

. . . . . morphology of the southern hemisphere lampf@gotria australis
aretinal tapetum (Collin & Potter, 2000), the optimized orientation  Gyay, with special reference to the characterisation and phylogeny of

of the photoreceptor array towards the pupillary aperture (Collin &  photoreceptor typesrain Behavior and Evolutios4, 96—118.
Potter, 2000), and a small mobile pupil which is thought to CoLLIN, S.P., HART, N.S., SHAND, J. & POTTER, 1.C. (20032). Morphology
decrease optical aberrations and alter the depth of field for near and spectral absorption characteristics of retinal photoreceptors in the

objects (Lowenfeld, 1993; Douglas et al., 1998, 2002). Further- ggu;hlegnlgeomiwhere lampredotria australiy. Visual Neuroscience

more,Mordaciais one of only a few vertebrate species to contain coypin, S.P., KNIGHT, M.A., DAVIES, W.L., POTTER, 1.C, HUNT, D.M. &
a single type of retinal photoreceptor. These include deep-sea Trezisk, A.E.O. (2003). Ancient colour vision: Multiple opsin genes
fishes, which possess rod-dominant retinae optimally adapted for in the ancestral vertebrateGurrent Biology13, R864-R865.

vision beyond the penetration limits of sunlight (Munk, 1966; CORNWALL, M.C., Ripes, H., CHAPPELL, RL. & JONEs, G.J. (1989).
s . Membrane current responses of skate photoreceptowsnal of Gen-

Locket, 1977; Frohlich et al., 1995; Collin et al., 1998), and some g4 Physiologyd4, 633—647.

species of skate (Dowling & Ripps, 1972) that live at considerablepickson, D.H. & Graves, D.A. (1979). Fine structure of the lamprey

depth. Interestingly, like the short photoreceptorsLaimpetra photoreceptors and retinal pigment epitheliuReromyzon marinus

fluviatilis (Govardovskii & Lychakov, 1984), there is evidence that _ L-)- Experimental Eye Resear@$, 45-60.

L . 1cksoN, D.H. & Graves, D.A. (1982). The ultrastructure and develop-
skate rods are capable of functioning over a broad range of Ilgh]t) ment of the eye. IrThe Biology of Lampreys/ol. 3, ed. HARDISTY,

levels (Dowling & Ripps, 1972; Ripps & Dowling, 1991). M.W. & POTTER, 1.C., pp. 43-94. London, UK: Academic Press.

In summary, photoreception iMordacia mordaxis unique  DoucLas, R.H., HARPER, R.D. & Cask, JF. (1998). The pupil response of
amongst the lampreys examined thus far. The possession of a a teleost fishPorichthys notatusDescription and comparison to other
single receptor type with both rod- and cone-like characteristics, speciesVision Researci$§, 2697-2710.

) . . . UGLAS, R.H., CoLLIN, S.P. & CoRrriGAN, J. (2002). The pupillary
provides what might be a crucial key to the survival of these  eqponse of suckermouth armoured catfish (Loricariidae, subfamily

primitive vertebrates. Even at this early stage in vertebrate evolu- Hypostomus): Basic dynamics and the function of a crescent-shaped
tion, lampreys appear to be adapted to a range of visual environ- pupil in relation to both Ier_lticular spherical aberration and retinal
ments, optimizing both spatial resolving power and sensitivity {oPographyJournal of Experimental Biologf05, 3425-3433.
throughout their protracted lifecycle DowLING, JE. & Ripps, H. (_1972). Adaptation in skate photoreceptors.
: Journal of General Physiolog§0, 698—719.
DuUKE-ELDER, S. (1958).System of Ophthalmology. 1. The Eye in Evolu-
tion. St. Louis, Missouri: C. V. Mosby.
Acknowledgments FERNALD, R.D. (1990). The optical system of fishes. Tine Visual System
of Fish ed.DoucLas, R.H. & Diamcoz, M.B.A., pp. 45-61. London,
We wish to thank Dr. Howard Gill for arranging the capture of animalsand  UK: Chapman and Hall.
Eric Warrant and Kerstin Fritsches for useful discussions and for criticalFriTscHES, K.A., MARSHALL, N.J. & WARRANT, E.J. (2003). Retinal spe-
appraisal of the manuscript. The research was funded by a University of cializations in the blue marlin: Eyes designed for sensitivity to low light
Queensland seeding grant (S.P.C.), an ARC Discovery Grant (S.P.C.), a levels.Marine and Freshwater Researd, 333-341.
National Health and Medical Research Program Grant (J.S.), and MurdochritzscH, B. & CoLLIN, S.P. (1990). The distribution and dendritic fields
University. of two populations of ganglion cells and the retinopetal fibers in the



Vision in the lamprey Mordacia mordax

retina of the lampreylchthyomyzon unicuspi¥isual Neurosciencé,
533-545.
FrOHLICH, E., NEGIsHI, K. & WAGNER, H.-J. (1995). Patterns of rod
proliferation in deep-sea fish retinaéision Researcl35, 1799-1811.
GILL, H.S., RENAUD, C.B., CHAPLEAU, F., MAYDEN, R.L. & POTTER, I.C.

(2003). Phylogeny of living parasitic lampreys (Petromyzontiformes)

based on morphological dat@opeia2003 687-703.

Govarpovskil, V.I. & LycHakov, D.V. (1984). Visual cells and visual
pigments of the lamprey,ampetra fluviatilisL. Journal of Compara-
tive Physiology AlL54, 279-286.

GovARrDOVSKII, V.I., FYHRQUIST, N., REUTER, T., KuzMmIN, D.G. & DoN-
NER, K. (2000). In search of the visual pigment templatésual
Neurosciencel 7, 509-528.

Harosi, FI. (1975). Absorption spectrum and linear dichroism of some

amphibian photoreceptordurnal of General Physiologg6, 357—382.

Harosi, FI. & KreiNscHMIDT, J. (1993). Visual pigments in the sea
lamprey,Petromyzon marinus/isual Neuroscienc&0, 711-715.

HarT, N.S. (2002). Vision in the peafowl (Ave$?avo cristatu$. Journal
of Experimental Biology05 3925-3935.

HoLMmBERG, K. (1977). The cyclostome retina. IHandbook of Sensory
Physiology: The Visual System in Vertebrated. Mackay, D.M. &
TEUBER, H.L., pp. 47—-66. New York: Springer-Verlag.

HoLMBERG, K. & OHMAN, P. (1976). Fine structure of retinal synaptic
organelles in lamprey and hagfish photoreceptdgision Researchi6,
237-239.

Lanp, M.E. (1981). Optics and vision in invertebrates. Handbook of
Sensory Physiology, Vol. VII/Bed. CresciTELLL, F., pp. 471-591.
Berlin: Springer-Verlag.

LanDp, M.F. & NiLsson, D.E. (2002). Animal Eyes Oxford, UK: Oxford
University Press.

LockeT, N.A. (1977). Adaptations to the deep-sea environmen(The
Visual System in Vertebrates. Handbook of Sensory Physiol@dy
VIl /5, ed.CresciTELLL, E., pp. 67-192. Berlin: Springer-Verlag.

LoweNFELD, LE. (1993). The Pupil: Anatomy, Physiology and Clinical
Applications Detroit, Michigan: Wayne State University Press.

Marars, U., SCHAEFFEL, F. & Howranp, H.C. (1988). Visual optics in
toads Bufo americanus Journal of Comparative Physiology 263
201-213.

MATTHIESSEN, L. (1882). Uber die Beziehung, welche zwischen dem
Brechungsindex des Kernzentrums der Kristallinse und den Dimen-
sionen des Auges bestehétflligers Archiv flr die gesamte Physiolo-

gie des Menschen und der Tie2&, 510-523.
Munk, O. (1966). Ocular anatomy of some deepsea teleBstaa Report
70, 1-62.

Munk, O. (1986). A multifocal lens in the eyes of the mesopelagic teleosts

Trachipterus trachypteru¢Gmelin, 1789) andr. arcticus(Brinnich,
1771).Archiv fuer Fishereiwissenschad?, 43-57.

Munz, EW. & McrarLanp, W.N. (1973). The significance of spectral
position in the rhodopsins of tropical marine fish&$sion Research
13, 1829-1874.

NAKAMURA, E.L. (1968). Visual acuity of two tunagatsuwonus pelamis
and Euthynnus affinisCopeial968 41-49.

OnMAN, P. (1971). The photoreceptor outer segments of the river lamprey
(Lampetra fluviatilig. An electron-fluorescence and light microscopic

study.Acta Zoologica Stockholr2, 287—-297.

773

POTTER, I.C. & STRAHAN, R. (1968). The taxonomy of the lampreys
GeotriaandMordacia and their distribution in AustraligProceedings
of the Linnean Society of Londdrv9, 229-240.

POTTER, I.C., LANZING, W.JR. & STRAHAN, R. (1968). Morphometric and
meristic studies on populations of Australian lampreys of the genus
Mordacia Journal of the Linnean Society (Zoolog4J, 533-546.

POTTER, 1.C., HiLLIARD, R.W. & Brp, D.J. (1982). Stages in metamor-
phosis. InThe Biology of Lampreys, Vol. 4Bd. HArDISTY, M.W. &
POTTER, L.C., pp. 137-164. London, UK: Academic Press.

Rrprps, H. & DowLING, J.E. (1991). Structural features and adaptive prop-
erties of photoreceptors in the skate retifibe Journal of Experimen-
tal Zoology Supplemerg, 46-54.

SHAND, J., HART, N.S., THOMAS, N. & PARTRIDGE, J.C. (2002). Develop-
mental changes in the cone visual pigments of black breéssantho-
pagrus butcheriJournal of Experimental Biolog205, 3661-3667.

SHu, D.-G., Luo, H.-L., CoNwWAY MORRIS, S., ZUANG, X.-L., Hu, S.-X.,
CHEN, L., HaN, I, Zau, M,, L1, Y. & CHEN, L.-Z. (1999). Lower
Cambrian vertebrates from south ChilNature 402 42—46.

SNYDER, A.W. & MILLER, W.H. (1977). Photoreceptor diameter and spac-
ing for highest resolving powedournal of the Optical Society of
America67, 696—698.

SteLL, W.K. (1972). The morphological organization of the vertebrate
retina. In Handbook of Sensory Physiology Vol. 11/2, Physiology of
Photoreceptor Organsd.FuorTes, M.G.F,, pp. 111-213, New York:
Springer-Verlag.

TaMURrA, T. (1957). A study of visual perception in fish, especially on
resolving power and accommodatiddulletin of the Japanese Society
of Scientific Fisherie22, 536-557.

Tamura, T. & WisBy. W.J. (1963). The visual sense of pelagic fishes,
especially the visual axis and accommodati®ulletin of Marine
Science of the Gulf and Caribbedr3, 433-448.

ToNosAKI, A., WASHIOKA, H., HARA, M., ISHIKAWA, M. & WATANABE, H.
(1989). Photoreceptor disc membraned ampetra japonicaNeuro-
science Research, 340-349.

VAN DER MEER, H.J. (1995). Visual resolution during growth in a cichlid
fish: A morphological and behavioural case stugsain Behavior and
Evolution45, 25-33.

WaLLs, G.L. (1928). An experimental study of the retina of the brook

lamprey Entosphenus appendig©eKay). Journal of Comparative

Neurology46, 465-473.

WaLLs, G.L. (1942). The Vertebrate Eye and its Adaptive Radiation
Bloomfield Hills, Michigan: Cranbrook Institute of Science, Cranbrook
Press.

WARRANT, E.J. & MCINTYRE, P.D. (1990). Screening pigment, aperture and
sensitivity in the dung beetle superposition ejeurnal of Compara-
tive Physiology AL67, 805-815.

WaRRANT, E.J. & NiLsson, D.-E. (1998). Absorption of white light in
photoreceptorsVision Researcl38, 195-207.

WILLIAMSON, M. & KEAST, A. (1988). Retinal structure relative to feeding
in the rock bassAmbloplites rupestrisand bluegill Lepomis macro-
chirus). Canadian Journal of Zoolog§6, 2840-2846.

Wong, R.O.L. (1989). Morphology and distribution of neurons in the

retina of the American garter snakéhamnophis sirtalisJournal of

Comparative Neurolog283 587-601.

X1AN-GUANG, H., ALDRIDGE, R.J., SIVETER, D.J., SIVETER, D.J. & XIANG-

OnMAN, P. (1976). Fine structure of photoreceptors and associated neurons Hong, F. (2002). New evidence on the anatomy and phylogeny of the

of Lampetra fluviatilis(Cyclostomi).Vision Researcii6, 659—662.
PARTRIDGE, J.C. (1990). The colour sensitivity and vision of fishes.Llifie
and Light in the Seaed. HERRING, P.J., CAMPBELL, A.K., WHITFIELD,

M. & Mappock, L., pp. 167-184. Cambridge: Cambridge University

Press.

PARTRIDGE, JN., SHAND, J, ARCHER, S.N., LYTHGOE, JN., & VAN
GRONINGEN-LUYBEN, W.A.H.M. (1989). Interspecific variation in the
visual pigments of deep-sea fishdeurnal of Comparative Physiology
A 164, 513-529.

earliest vertebrate®roceedings of the Royal Society B (Lond269,
1865-1869.

YAMADA, E. & IsHikawA, T. (1967). The so-called “synaptic ribbon” in the
inner segment of the lamprey retinarchivum Histologicum Japoni-
cum28, 411-417.

YamanoucHr, T. (1956). The visual acuity of the coral fidflicrocanthus
strigatus (Cuvier and ValenciennesPublication of the Seto Marine
Biology Laboratory5, 133-156.

Young, RW. & MARTIN, G.R. (1984). Optics of retinal oil droplets: A

model of light collection and polarization detection in the avian retina.
Vision Researci24, 129-137.

PEDLER, C. & TILLY, R. (1964). The nature of the gecko visual cells. Alight
and electron microscopic studyision ResearcH, 499-510.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



