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Summary

Ultraviolet visual sensitivity appears to be reduced during normal development (or in response to thyroxine
and, possibly, lost during smoltification in anadromous treatment) is unclear. In the present study, we have
populations of salmonid fishes. Similar changes occur in ‘mapped’ topographically ultraviolet photosensitivity
non-anadromous salmonids over a mass range that is during natural and hormone-induced smoltification.
associated with smoltification in their anadromous Thyroxine-treated O. mykissjuveniles and anadromous
conspecifics. However, in sexually mature adult salmonids, steelheadO. mykisssmolts were examined for ultraviolet
ultraviolet-sensitive cones are present in the dorso- visual sensitivity by recording compound action potentials
temporal retina, suggesting that ultraviolet sensitivity (i)  from the optic nerve. By selectively illuminating either the
may be regained with sexual maturity or (i) might never dorsal or the ventral retina, we have shown that the
be completely lost. Both smoltification and the transition reduction of ultraviolet sensitivity occurs primarily in the
to sexual maturity are regulated, in part, by the hormone ventral retina in both groups of fish. Ultraviolet sensitivity
thyroxine. Thyroxine treatment of juvenile Oncorhynchus remains intact in the dorsal retina.
mykiss results in precocial developmental changes that
mimic smoltification, including a reduction of ultraviolet Key words: spectral sensitivity, vision, fish, ultraviolet sensitivity,
sensitivity. However, whether loss of ultraviolet sensitivity = developmental change, smoltification, thyroxin@ncorhynchus
in O. mykissor in other species of salmonids is complete mykissglectrophysiology, optic nerve.

Introduction

Salmonid fishes are characterized by a three-stage lif@ater but also non-migratory, or non-anadromous, populations
history separated by two metamorphic transitions (Groot anthat remain in fresh water (e.g.@ncorhynchus mykisghese
Margolis, 1991). Shortly after hatching and absorption of there known as steelhead and rainbow trout, respectively). Non-
yolk sac, juvenile salmonids are known as parr. Parr aranadromous salmonids exhibit some, although not all, of the
invariably found in freshwater lakes or streams, and the lengtiievelopmental changes associated with smoltification (e.g.
of the parr period varies dramatically depending on specieaon-anadromous fish exhibit similar changes in diet and vision,
Through a combination of endogenous timing, environmentddut do not show pronounced changes in osmoregulatory
factors and size-related factors, salmonid parr enter ability). In particular, non-anadromous salmonids exhibit
metamorphic transition called smoltification and thereaftesimilar developmental changes in visual sensitivity to
are called smolts (Groot, 1982; Groot and Margolis, 1991 )ultraviolet light when they attain a size associated with
Smoltification prepares the salmonid for the transition temoltification in their anadromous conspecifics (see below;
the salt water environment and is characterized by severblawryshyn et al., 1989; Browman and Hawryshyn, 1992;
physiological, morphological and behavioural changes iBeaudet et al., 1993). Therefore, in this paper, we will use the
osmoregulation, activity patterns, feeding habits, and bodierms ‘smoltification’ and ‘smolt’ to refer both to anadromous
coloration and silvering (Groot, 1982; Groot and Margolisfish that actually smolt completely and enter sea water and,
1991). Only anadromous, or migratory, populations ofmore loosely, to refer to non-anadromous fish that exhibit
salmonids actually make the journey to salt water, andimilar changes in the visual system during corresponding
therefore the term ‘smoltification’ is typically used only whendevelopmental transitions. Regardless of whether individuals
referring to anadromous salmonids. However, within singlere anadromous or not, the third and final phase of every
species, there are often not only populations that migrate to sealmonid’s life, sexual maturity, is characterized by gonadal
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maturation and the development of secondary sexual traits (i.@sing a heart rate conditioning paradigm, Hawryshyn et al.
bright body colour, morphological changes in the jaw). SexualHawryshyn et al., 1989) have shown that ultraviolet sensitivity
reproduction occurs in fresh water. Therefore at sexudb reduced in non-anadromo@s mykissas the fish attain a
maturity, migratory populations must return to fresh water teize associated with smoltification in anadromous conspecifics
breed. (40-609). These behavioural findings were confirmed using
In fish, ontogenetic changes in retinal photoreceptor contengectrophysiological recordings from the optic nerve and
chromophore ratio and retinal ganglion cell distribution occuhistological examination of the retina (Beaudet et al., 1993). In
in conjunction with changes in habitat and/or feedingaddition, the hormone thyroxine plays a significant role in the
behaviour (e.g. Beatty, 1966; Bowmaker and Kunz, 1987ieduction of ultraviolet sensitivity i®. mykis{Browman and
Whitmore and Bowmaker, 1989; Hawryshyn et al., 1989Hawryshyn, 1992; Browman and Hawryshyn, 1994).
Loew and Wahl, 1991; Loew et al., 1993; Munz and BeattyThyroxine and its derivatives are the main hormonal agents
1965; Shand et al., 1999; Shand et al., 2000). Age-related loskjving smoltification in anadromous salmonids (for a review,
or reduction, of ultraviolet photoreception appears to occur isee Hoar, 1988). Exposure to exogenous thyroxine can (i)
many species of fish, including salmonids (Bowmaker anihduce smoltification and photopigment changes in salmonids,
Kunz, 1987; Whitmore and Bowmaker, 1989; Hawryshynincluding rainbow and brook trout (Allen, 1977; McFarland
et al.,, 1989; Loew and Wahl, 1991). The developmentahnd Allen, 1977; Alexander et al., 1994; Alexander et al., 1998)
trajectory of ultraviolet visual sensitivity in salmonid fishesand (ii) cause a precocial loss, or reduction, of ultraviolet
appears to be strongly linked to the three stages of the salmomiotosensitivity and the number of ultraviolet-sensitive cones
life history. Parr are ultraviolet-sensitive, and posses# the retina of rainbow trout parr (Browman and Hawryshyn,
ultraviolet-sensitive cones in the retinal mosaic (Bowmakefl992; Browman and Hawryshyn, 1994). However, whether
and Kunz, 1987; Browman and Hawryshyn, 1992; Browmaross of ultraviolet sensitivity is complete during smoltification
and Hawryshyn, 1994; Beaudet et al.,, 1993; Novalegor in response to thyroxine treatment)Gn mykisshas not
Flamarique and Hawryshyn, 1996; Novales Flamarique, 200@een addressed. The studies of Browman and Hawryshyn
Parkyn and Hawryshyn, 2000). The ultraviolet-sensitive conéBrowman and Hawryshyn, 1992; Browman and Hawryshyn,
is identifiable histologically by its position in the retinal 1994) and Beaudet et al. (Beaudet et al., 1993) used stimulus
mosaic, which is square-shaped with ultraviolet-sensitivgresentations that may have resulted in the illumination of
cones positioned at the four corners of a square formed by foprimarily the ventral retina. Beaudet et al. (Beaudet et al.,
double cones surrounding a central single cone (Bowmaker ai@93) state that illumination of the retina was on the ventro-
Kunz, 1987). Because of their position in the square mosaitgemporal quadrant of the retina. However, a liquid light pipe
ultraviolet-sensitive cones are also called accessory corneith an exit aperture of 68 ° was used to present the stimulus.
cones. As parr undergo smoltification, ultraviolet sensitivityBecause of the large exit aperature of the light pipe and the
appears to decrease and may disappear altogether in sodi@meter of the light pipe relative to the diameter of the eye of
species. In conjunction with this loss of ultraviolet sensitivity,the fish, it is possible that the stimulus was not focused solely
ultraviolet-sensitive cones are no longer present in at leash the ventro-temporal retina, and other retinal areas may have
some portions of the retina of salmonid smolts (Bowmaker andeen illuminated. Similarly, Browman and Hawryshyn
Kunz, 1987; Hawryshyn et al., 1989; Beaudet et al., 1993Browman and Hawryshyn, 1992; Browman and Hawryshyn,
Novales Flamarique and Hawryshyn, 1996; Novalesl994) positioned the fish so that the pupillary plane of the eye
Flamarique, 2000; and see below). Examination of the retinaas perpendicular to the stimulus at a roll of 20 °, which would
of four species of sexually mature salmonids, however, hasause the stimulus to be presented disproportionately on the
revealed the presence of accessory corner (ultravioletentral retina. However, the light was unlikely to be precisely
sensitive) cones, in the dorso-temporal retina (Beaudet et alocused on the ventral retina with this stimulus design, and the
1997). These findings led to the hypothesis that ultravioletwhole retina may have been illuminated (H. Browman,
sensitive cones may regenerate into the retinal mosaic of adpkrsonal communication). Furthermore, in both these studies
salmonid fish (Beaudet et al., 1997) and, hence, that sexualyy O. mykiss,only the ventral retina was examined for the
mature fish may be ultraviolet-sensitive. Because the teleoptesence of ultraviolet-sensitive cones. The authors did not
retina grows throughout life and new photoreceptors areeport data for the dorso-temporal retina, the area where
continually added to the retinal mosaic (Lyall, 1957; Johnslltraviolet-sensitive cones are present in sexually maure
and Fernald, 1981; Raymond and Hitchcock, 1997), this imykiss(Beaudet et al., 1993), but unpublished data suggests
certainly a plausible hypothesis. However, it is also possiblthat at least some corner cones may have been present
that the accessory corner cones found in the retina of sexually the dorso-temporal retina (H. |. Browman, personal
mature fish are never completely lost. That is, loss ofommunication).
ultraviolet-sensitive cones at smoltification may not occur over In this study, we have made the first attempt to map
the whole retina, and ultraviolet-sensitive cells may be retainedltraviolet sensitivity topographically during smoltification in
in the dorsal retina throughout the life of the fish. a salmonid usin®. mykissas our model species. On the basis
Non-anadromou®©ncorhynchus mykissave been one of of the findings described above, we hypothesized that
the model species for studies on ultraviolet vision in salmonidsiltraviolet sensitivity is not completely lost during
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smoltification inO. mykissRather, a population of ultraviolet- comparison allowed us to determine the efficacy of thyroxine
sensitive cones may remain in the dorso-temporal retinieatment on ultraviolet visual sensitivity. All procedures and
throughout the life of O. mykiss or at least during care of the fish in this study were in accordance with the
smoltification. We used a thyroxine treatment paradigm similaguidelines set by the University of Victoria Animal Care
to that used by Browman and Hawryshyn (Browman andCommittee under the auspices of the Canadian Council for
Hawryshyn, 1992; Browman and Hawryshyn, 1994) to inducénimal Care.
smoltification in non-anadromou3. mykisgarr. By treating
the fish with exogenous thyroxine, we were able to examine Surgical procedure
both the topographic and temporal aspects of the reduction in All experiments were conducted between 09:00 and 19:00h
ultraviolet sensitivity during smoltification. In addition, we during the light phase of the photocycle. Each fish was
examined a small number of anadromous steelfeadykiss anaesthetized by immersion in MS-222 (100 g CDate-
smolts to determine whether thyroxine treatment of non222™, Crescent Research Chemicals, USA) until sedate
anadromou®. mykisgarr results in a similar pattern of loss enough to handle, and then paralyzed with an intramuscular
of ultraviolet sensitivity as in naturally smolted anadromousnjection of muscle relaxant (0.01 mgldody mass, gallamine
fish. triethiodide or Flaxedil; Rhéne-Poulenc Rorer Canada Inc.).
The fish was placed in a moistened foam cradle within a
Plexiglas holder. Moistened cheesecloth was placed over the
Materials and methods animal to prevent dehydration. A mouthpiece inserted into the
Non-domesticated rainbow trout parr and steelhead smoltsiccal cavity was connected to a fresh, aerated water supply
(Oncorhynchus mykissvere obtained from the Fraser Valley containing MS-222 (approximately 50 m@)l to irrigate the
Hatchery, Abbottsford, British Columbia, Canada. The fishyills with a weak anaesthetic during the surgical procedure
were maintained at a mean water temperature of 15+1°C agdo0 mImirr, 15°C). The tissues and bone over the entire
under a 12h:12h L:D photoperiod in the Aquatic Facility atright optic tectum were removed to provide access to the
the University of Victoria, Canada. Light was provided byrecording area. The optic tectum was left intact. A local
broad-spectrum fluorescent lights (Growlux) containinganaesthetic ointment (0.5% Tetracaine and 0.5% menthol or
wavelengths from 350 to 750 nm (spectral emission provideBontocaine; Winthrop Laboratories, Canada) was applied to
in Parkyn and Hawryshyn, 2000). Fish were fed three timesthe cut edges of the surgical area, but not to the optic tectum.
week (Trout ABFW feed; Moore-Clark Inc.) prior to the startThe fish was then moved within the Plexiglas holder to a
of the study. During treatment fish were fed a maintenance di€araday cage where the gills were continuously irrigated
twice per week, so that they didt gain any appreciable mass with aerated water lacking MS-222. The fish were kept
during the study. The parr were of similar age and weighednaesthetized during the experiment with an intramuscular
between 3 and 15g, well under the normal mass at whidhjection of a general anaesthetic (metomidate hydrochloride
salmonids undergo smoltification (see Introduction). Theyr Marinil, 0.003mgg!body mass; Wildlife Laboratories,
were allocated to two groups, which were held in separate 30rc., USA). After the collection of a spectral sensitivity curve
aquaria. Each group contained fish representing the full rangsee below), the fish were killed by double pithing.
of mass of the whole study group (that is, 3—15g) One group In parr, blood samples were taken immediately after
was exposed to thyroxine added to the water (3902 .-  death. Serum was separated from cellular components by
thyroxine sodium salt (Sigma) dissolved in 0.1 mbNaOH).  centrifugation and subsequently frozen. Because of the
The second group of parr, the control group, were held in thextremely small volume of serum obtained from each fish,
same conditions as the thyroxine-treated group, but receivéddividual samples from each group (controls aner&ated)
only the same volume of 0.1 motINaOH without hormone. were pooled for each week of treatment (2, 4 and 6 weeks).
Both the experimental and control fish were moved daily to ooled samples were analyzed by MDS Labs (Victoria, BC,
second pair of 301 aquaria containing freshly treated or fresGanada) to measure the thyroxine)(&nd triiodothyronine
untreated water, respectively. No more than 30 fish wergl3) levels at 2, 4 and 6 weeks for both controls and thyroxine-
maintained in one 301 tank simultaneously. Spectral sensitivitireated fish (see Table 1). Because samples were pooled, the
measurements were collected after 2, 4 and 6 weeks wélues presented in Table 1 are single point values. That is, the
treatment. values are not averages of several samples, and therefore no
Steelhead smolts were housed in a 3501 flow-through tankean or standard error can be calculated. No serum was
and were assessed for ultraviolet sensitivity without any priocollected from the smolts used in this study.
hormone treatment. Spectral sensitivity was determined for
four smolts (two for ventral retina and two for dorsal retina), Determining spectral sensitivity
which weighed between 60 and 85g. By collecting spectral Spectral sensitivity was determined in a manner similar to
sensitivity data from these fish, we were able to determinthat outlined by others (Beaudet et al., 1993; Novales
whether naturally smolted anadromo@ mykissexhibit  Flamarique and Hawryshyn, 1996; Parkyn and Hawryshyn,
similar changes in ultraviolet sensitivity to those found in non2000). Here, we provide a brief overview of the procedure.
anadromou®. mykisgreated with exogenous thyroxine. This Compound action potentials (CAPs) were recorded from
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Table 1.Serum thyroxine @ and triiodothyronine (3) levels  wavelength was fitted with a Naka-Rushton equation (Naka

in control and F-treated parr and Rushton, 1966a; Naka and Rushton, 1966b) using a non-
Total T4 Total T3 linear, Ieast-squgrg; fit. N
Treatment group (nmoth) (nmol %) Spectral sensitivity was calculated by determining the

quantal flux at each wavelength necessary to produce a

W%eoknfrol 08 173 criterion response. The criterion response was chosen such that
Tetreated 59 0.61 it was at the lower end of the linear portion of the response

versuslog intensity curve near the threshold for the CAP
Week 4 response (Beaudet et al., 1993; Parkyn and Hawryshyn,

Control 34 1.05 2000). A low-amplitude criterion was chosen because at low
Tatreated 59 0.66 intensities the CAP response is assumed to represent the mass
Week 6 response of individual ganglion-cell receptive field centers
Control 42 1.43 (Beaudet et al.,, 1993; Parkyn and Hawryshyn, 2000).
Ts-treated 43 0.69 Receptive field centers of individual ganglion cells in fish

dominate over the surrounds at low intensities, but at higher
intensities the surround can inhibit the center (Spekreijse et al.,
1972). Therefore, at higher intensities, the receptive field
ganglion cell fibres in the optic nerve. An enamel-coatedsurrounds may have inhibited the center and caused inhibition
chlorided-silver electrode (diameter 208, A-M Systems, of the CAP response (see more detailed discussion by Beaudet
USA) was inserted through the rostral/medial portion of thest al., 1993). Using the Naka-Rushton fit (Naka and Rushton,
right optic tectum (an area where ganglion cell fibres aré966a; Naka and Rushton, 1966b), the amount of light (or
known to project; Beaudet, 1997), and through the optithreshold intensity) needed to produce the criterion response
chiasm at a trajectory that resulted in the insertion of thevas interpolated for each wavelength. Sensitivity was defined
electrode into the optic nerve fibres from the left eye (as ias the inverse of threshold intensity (DeVoe et al., 1997).
Parkyn and Hawryshyn, 2000). A reference electrode was The light stimulus was produced by a 300 W xenon arc lamp
placed into the nasal epithelium. The location of the recordingnd power supply (Oriel Corporation, USA, models 66011
electrode was confirmed in early experiments by grosand 68811, respectively). The wavelength and intensity of
dissection of the optic tectum and chiasm after determininthe stimulus were controlled by a holographic-grating
spectral sensitivity. Positioning of the recording electrode imonochromator (ISA, USA) with a 10 nm bandwidth and an
later experiments was aided by a stereotactic device andl@conel-coated, quartz neutral density wedge (4.0 maximum
micromanipulator. The location of the electrode was alsmptical density; Melles-Griot). The monochromator and neutral
confirmed during the experiment by the waveform of the CAPdensity wedge were controlled by computer-driven stepper
which is a simple biphasic wave characterized by a positivenotors (Pontech, USA). Stimulus timing (500ms duration,
deflection sometimes followed by a negative deflectiorsquare-wave) was controlled by a computer interface with a
(Beaudet et al., 1993; DeMarco and Powers, 1991; Parkyn astiutter and shutter controller (UniBlitz SD-10; Vincent
Hawryshyn, 2000). For analysis, we measured the amplitud&ssociates, USA). The stimulus light was focused onto one leg
of the peak of the positive deflection of the CAP in responsef a trifurcated, quartz-core, fibre optic cable (Fiber Optic
to the stimulus onset (i.e. the ON response of the optic nervejystems, Inc. USA), which transmitted the light into the
OFF responses were not analyzed in this study becaubaraday cage, where the common end of the fibre cable
previous results have shown that OFF responses are media{éd2 mm diameter) terminated approximately 8 mm from a
either by the middle- or the long-wavelength cone mechanisntiartz diffusing screen (12mm in diameter). The quartz
in salmonids, with little or no input from the ultraviolet and diffusing screen was positioned within 5mm of the cornea of
short-wavelength cone mechanisms (Beaudet et al., 1998ie fish's left eye. The fibre optic and diffusing screen were
Parkyn and Hawryshyn, 2000). oriented at an angle to illuminate preferentially either the
Spectral sensitivity was determined by recording the CARlorsal or the ventral portion of the retina. In addition, an
response to an incrementing intensity series of monochromatipaque patch was placed over the cornea to decrease further
light flashes. This was repeated for 12 wavelengths (350, 36the amount of light reaching half the retina (Fig. 1).
380, 400, 420, 440, 460, 480, 500, 550, 600 and 650nm); The irradiance of the light stimulus was calibrated using a
presented in quasi-random order to minimize overstimulatioPhotodyne radiometer (Optikon model # 88XLA), which was
of individual cone mechanisms (Beaudet et al., 1993). Thpositioned at a distance of 5mm from the quartz diffusing
flashes were presented approximately 20 s apart, increasingsoreen. With the neutral density (ND) wedge set to the lowest
intensity with each step by 0.2 log units of intensity. At anyamount of attenuation (0 ND), the maximum irradiance was
given wavelength, 2 log units of intensity were covered taneasured directly every 10nm from 340nm to 710nm. The
obtain one intensity—response function. The first few flasheseutral density wedge was calibrated at 540 nm for each 0.1
were always subthreshold to establish the baseline noise in tlog unit from 0 ND attenuation to the maximum attenuation of
preparation. The resulting intensity—response data for eathe wedge (approximately 4.0 ND). At all other wavelengths

See text for details of how measurements were taken.
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wavelength drifted by 0.2 log units or more, the sensitivities
of the wavelengths sampled since the reference was
previously checked were remeasured. In stable preparations,
however, sensitivity at the reference wavelength rarely drifted
by more than #0.1 log unit during the course of the
experiment.

In addition to the stimulus light, the left eye was
continuously illuminated with a constant-intensity, 500 nm
long-pass background light during the experiment. This light
was produced by a tungsten—halogen source. A 500 nm long-
pass filter and a number of Inconel-coated neutral density

~ ~ Patch’ filters (Corion, Inc.) allowed for control over the wavelength

and intensity, respectively, of the background light, which was
Vental kept constant for all fish (log irradiance = 18.58, where
irradiance is measured in photonzistl). The trifurcated fibre
B [/ optic cable (third leg unused) was used to combine the light
% the experiment. This coloured background was used to
chromatically adapt the middle- and long-wavelength-sensitive
Fig. 1. lllumination of the ventral (A) and dorsal (B) retina. (A) A cone mechanisms @. mykissto isolate the ultraviolet- and
patch made of black, opaque, vinyl tape was affixed to the ventralhort-wavelength-sensitive cone mechanisms. Salmonids
cornea using cyanoacrylate glue. The patch was placed over mgsessess four independent cone mechanisms: long-wavelength
than half the retina (see side view), to reduce stimulation of th@red), middle-wavelength (green), short-wavelength (blue) and

central retina, and the embryonic fissure where ultraviolet cormnelitraviolet-sensitive (Bowmaker and Kunz, 1987; Hawryshyn

cones remain resident in all stages of salmonid development (szé? al., 1989). The photopigments underlying these cone

text). The fibre optic and quartz screen coupler were angled flronr?1echanisms absorb optimally at a characteristic wavelength

igh inci h I . . .
above the eye, so that the light was incident on the dorsal corne max = 576, 531, 434 and 365, respectively, @r mykiss

The incident light ray shown is not necessarily representative of a .
light rays emerging from the fibre optic coupler; it is positioned for /aWryshyn and Harosi, 1994), called the alpha-band (for

illustration purposes only. Light rays incident on the lens from abov&vhich they are usually named), and secondarily at_a shorter
are refracted by the lens such that light will illuminate an area on th@avelength, the beta-band. The beta-band for the middle- and

ventral retina. Because the stimulus was larger than the pupil of tHeng-wavelength pigments is located in the ultraviolet area of
fish, the configuration shown would result in illumination of thethe spectrum (Hawryshyn and Harosi, 1994). Therefore,
entire ventral retina. (B) A complementary arrangement of the patchecause the absorption of energy at any wavelength to which
and stimulus allowed for illumination of the dorsal retina. the pigment is sensitive gives qualitatively indiscriminate
signals (i.e. the principle of univariance), a visual response to
used in our study, the neutral density filter was calibrated inltraviolet light could be due to input from the beta-band of
0.5 log unitincrements from 0—4.0 ND, and linear interpolatiorthe middle- or long-wavelength cone mechanisms. Long-
was used to calculate the irradiance for intermediary neutralavelength adaptation of these cone mechanisms causes a
densities. proportional reduction in both the primary (i.e. alpha) peak and
The CAP signal was amplified (Grass Instruments, P-5 AG@h the beta peak absorption of the photopigment. Previous
preamplifier, 3-300Hz band-pass filter settings) andexperiments have shown that this treatment is effective in
simultaneously displayed on an oscilloscope and acquired Ispectrally isolating the contribution of ultraviolet-sensitive
an A/D board (National Instruments, Inc.) for analysis. Areceptors to the spectral sensitivity function in birds, fish and
custom-designed computer software package (TVH Systen@nphibians by decreasing the contribution of the longer-
Inc. and Racca Scientific Consulting) was used for datwavelength cones (Chen et al, 1984; Hawryshyn and
collection, on-line analysis and to control the wavelengthBeauchamp, 1985; Beaudet et al., 1993; Deutschlander and
intensity and duration of the stimulus light. The sensitivity ofPhillips, 1995; Parkyn and Hawryshyn, 2000). Furthermore,
the fish to a reference wavelength (420nm) was measurdideoretical models suggest that selective adaptation of the
periodically to check for any drift in the sensitivity of the visual system can reveal the presence of an ultraviolet-sensitive
preparation during recording. If the sensitivity at the referenceone population even if the ultraviolet-sensitive cones are only

\ /
\ /
A 4 Sideview
_ — Comea~ _
_ _ Lems— - "ﬁ
_ Retina
/
/
/

Side view from the stimulus and background channels. Because the
common end of the fibre optic was well mixed and covered
g with a quartz diffusing screen, the final result was a constant

background light with a stimulus light flash seen by the fish on
the diffusing screen.

The fish were exposed to the long-wavelength-adapting
background light for approximately 1h prior to beginning
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a small proportion of the total receptor population (Goldsmithfitting a linear-additive model of the cone mechanisms to the

1986). experimental data (Coughlin and Hawryshyn, 1994; DeMarco
and Powers, 1991; Hughes et al., 1998). The model takes the
Analyzing spectral sensitivity data form:
For the parr/thyroxine-treatment study, all fish were grouped Sw=(KuAu) + (KsAs) + (KmAwm) + (KLAL), 1)

by treatment week (2, 4 and 6 weeks) and by retinal St'mwatlovr\'/heres,\, is the spectral sensitivity at any given wavelength,

(dorsal and ventral). The spectral sensitivity curves frorrkx is the weight coefficient of cone type(whereXis L, long:
individuals in these groups were normalized to 420 nm (i.e. thg short: M, medium: U, ultraviolet) antk is the r,elativ,e
sensitivity at each wavelength was determined by subtracting(’)sorpténcé of cone :ty péat wavelength. The weights of

the absolute sensitivity obtained for 420nm, hence 420n ) . . .
ghe cone mechanisms were determined using a non-linear least-

always had ‘a relative value of zero) and average squares fit to the spectral sensitivity data (using Interactive

Normalization to 420nm allowed us to factor out any
. X . i ~ Data Language, Research Systems, Inc.), and the presence,
differences in absolute sensitivity between fish and recordlngbsence or reduction of the ultraviolet-sensitive cone
preparations. A-test (conducted using SPSS version 10) Was hanism was assessed. Because we used chromatic
used to test for significant differences in relative sensitivity. . L .
- . afiaptatlon to reduce the sensitivity of the middle- and long-
between groups at specific wavelengths (e.g. comparison 0

s . ! }Navelength cone mechanism, and because we were interested
ventral sensitivity to 360 nm in thyroxine-treated and control__. = . o
‘mainly in the short-wavelength end of the spectral sensitivity

fish "?‘t 6 wee.k_s)_. Bepause we predicted ‘a reductpn I1nunct|on, we seKy andK( to zero and fitted the data for the
ultraviolet sensitivity with thyroxine treatment, we examined . : .
. . . T . . ultraviolet- and short-wavelength mechanisms only e.
differences in the relative sensitivity in the ultraviolet using : .
. ~and Ks). When we compared these results with the weights
a one-tailedt-test. 360 and 380nm were chosen for this
! henKm and KL were allowed to be non-zero numbers, we
comparison because they represent the two wavelengths

around the peak of the absorptance curve, 370nm, for thgund little difference in the relative weights of the ultraviolet

ultraviolet cone mechanisrRost-hocexamination of the data and short-wavelength mechanisms. Therefore, only the results

showed a strong difference in the relative sensitivity in theOf the former analysis are presented here.

green portion of the spectrum. Therefore, we also analyzed the
mid-portion of the spectrum for differences in sensitivity using
500 and 550 nm wavelengths. For this comparison a two-tailed Results
t-test was used since we had no prior prediction about a T4 treatment resulted in an elevated level of serum T
direction in change. The data from four steelhead smolts (twoompared with controls, but only after 2 and 4 weeks of
exposed to dorsal illumination and two exposed to ventrareatment (Table 1). sllevels of treated fish were reduced
illumination) were analyzed individually, and statistical testsrelative to controls, which is consistent with the effect of
were not performed due to the small sample size. exogenous 7 on the enzymatic pathway leading ta T
To assess qualitatively the contribution of the ultravioletproduction (MacLatchy and Eales, 1993). Because the values
sensitive cone mechanisms to the spectral sensitivitpresented in Table 1 are only single point measurements (see
absorptance curves of the ultraviolet- and blue-sensitiv®laterials and Methods), one must be careful in any
photopigments were plotted over the spectral sensitivitynterpretation of these data. However, the data suggest that the
curves. Using methods described (Parkyn and Hawryshyifs treatment used in our study does have an effect on serum
2000), rainbow trout cone absorbance curves (from Hawryshythiyroxine levels, as we would expect. Further evidence of a
and Harosi, 1994) were converted to absorptance valugshysiological effect of our 4 treatment was apparent as a
and then corrected for wavelength-dependent losses Bsignificant silvering of the body in fish treated with thyroxine
transmission for ocular media (Hawryshyn et al., 1989; whdor 2 weeks. After 2 weeks of treatment, body-silvering
reported no difference in the transmission of ocular media giersisted throughout the experiment in thyroxine-treated fish,
small and large rainbow trout at wavelengths above 320 nmput did not occur in any of the control fish (M. E.
The resulting absorptance curves were fitted by eye to tHeeutschlander, D. K. Greaves, T. J. Haimberger, C. W.
experimental data to determine the presence or absence of thawryshyn, personal observation). Body silvering is a trait that
ultraviolet-sensitive cone mechanism in the spectral sensitivitis often used as a positive indicator of smoltification status
curves. The absorptance curves were fitted to the specti@root and Margolis, 1991).
sensitivity data by vertically adjusting the absorptance curves Fig. 2, Fig. 3, Fig. 4 show the results obtained for thyroxine-
for the best visible fit. This method of examining the data antfeated fish and control fish for 2, 4 and 6 weeks of exposure,
pigment-curve-fitting provides a good indication of which conerespectively. The absorptance curves for the ultraviolet- and
mechanisms contribute to the spectral sensitivity functiotlue-cone mechanisms (purple and blue dotted lines,
(Browman and Hawryshyn, 1992; Browman and Hawryshynrespectively) were fitted by eygrior to fitting the linear-
1994; Beaudet et al., 1993; Hughes et al., 1998; Parkyn ardlditive model for the ultraviolet and blue mechanisms (black
Hawryshyn, 2000). line) to the data. Our placement of the absorptance curves was
In addition, a more quantitative analysis was performed bgongruent with the linear-additive model near the peaks of the
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Fig. 2. Spectral sensitivity of fish after 2 weeks of thyroxine, or control, treatment. All spectral sensitivity curves vireed abtier a long-
wavelength background to isolate the short-wavelength and ultraviolet cone mechanisms (see text). Both control (A,C)inedrédatenk

(B,D) fish were tested for dorsal and ventral retinal sensitivity (Fig. 1). (A,B) Results for dorsal stimulation, and (Ct®¥aesehtral
stimulation. The values are means.&M. for all fish from each group (filled diamonds, with sample d¥eir{dicated on each graph). Data
were first normalized to 420nm (i.e. sensitivity at 420nm was set to 0 in all fish). Pigment absorptance curves for thet gibraiol
mechanism (purple dashed line) and the short-wavelength cone mechanism (blue dashed line) were fitted by eye to the avéitaged dat
resulting function of the linear-additive model for the ultraviolet and short-wavelength cone mechanisms is representedtimuthes black

line. The weights determined by the linear-additive model for the ultravkOlgtgnd short-wavelengttK§) mechanisms (see text for further
details) are presented on each graph.

two mechanisms, and for the short-wavelength tail of th&wm andK. were forced to zero values), nor did we attempt to
ultraviolet mechanism and the long-wavelength tail of the blu@lace green or red absorptance curves on the data. The primary
mechanism. The absorptance curves fit poorly at wavelengthsason for sampling at these longer wavelengths was to ensure
intermediate to the two peaks of the cone mechanisms (i.e. thiat long-wavelength sensitivity was reduced below the level
380 nm and 400 nm), where one would expect that summatiaf ultraviolet and short-wavelength sensitivity to isolate the
between the blue and ultraviolet cone mechanisms wouldltraviolet and short-wavelength cone mechanisms (see
produce a sensitivity value higher than either mechanism coukltbove). Therefore, the fit of the two analyses to these long-
account for alone. Because the linear-additive model allows favavelength points is not critical to the interpretation of the
summation, this method of analysis produced a much better figsults.
to the sensitivity at the wavelengths intermediate to the After 2 weeks of treatment, both thyroxine-treated fish and
ultraviolet and short-wavelength mechanisms. However, botbontrol fish exhibited ultraviolet sensitivity that could be
types of analysis led to similar conclusions regardingaccounted for only by the presence of an ultraviolet-sensitive
ultraviolet sensitivity and the presence of the ultraviolet coneone mechanism in both the dorsal and ventral retina (Fig. 2).
mechanism (see below). Similar results were obtained at week 4 (Fig. 3), and there were
The fit of the model and the absorptance curves to theo significant differences in sensitivity at 360 or 380 nm for
sensitivity values at 550, 600 and 650 nm was often poor. Thiontrol versus treated fish (as determined by tHbest).
is to be expected because we did not allow the model tdowever, there appeared to be a non-significant reduction in
incorporate the middle and long-wavelength mechanism (i.eultraviolet sensitivity in the ventral retina of thyroxine-treated
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Fig. 3. Spectral sensitivity of fish after 4 weeks of thyroxine, or control, treatment. Data plotted as in Fig. 2.

fish at week 4. That is, the relative weight of the ultravioletultraviolet-sensitive cone mechanism at week 6. In addition,
sensitive cone mechanism was reduced relative to the bluthe dorsal retina of thyroxine-treated fish also exhibited
sensitive mechanism, and the placement of the ultravioletensitivity to ultraviolet light that was accounted for only
absorptance curve was slightly lower than in controls, and ihy invoking the presence of an ultraviolet-sensitive cone
the dorsal retina of thyroxine-treated fish. Examination of thenechanism in the dorsal retina. Dorsal sensitivity to ultraviolet
three individuals tested for ultraviolet sensitivity in the ventralight at 360 and 380nm was not significantly different in
retina at week 4 indicated that one fish had lost ultravioletontrols and thyroxine-treated fish (as determined byt-the
sensitivity completely Ku=0.07), whereas the other two fish test).
still had fairly high ultraviolet sensitivityKu=0.42 and 0.40; One other notable finding was that in thyroxine-treated fish
individual data not shown). (regardless of retinal portion or treatment week), chromatic
At week 6, ultraviolet sensitivity was significantly reducedisolation of the short-wavelength and ultraviolet mechanisms
in all thyroxine-treated fish tested for ventral sensitivitywas not as pronounced as in controls. In both dorsal and
(Fig. 4). Ultraviolet sensitivity was significantly lower in the ventral control fish, the sensitivity at 500 and 550nm was
ventral retina of thyroxine-treated fish than in the ventral retinapproximately 1 log unit lower than the peak sensitivity around
of control fish =2.44 at 380nm, d.f.=6P<0.05;t=1.11 at 420-440nm (average relative sensitivity values for 2, 4 and 6
360nm, d.f.=4, P<0.17; one-tailedt-test). In addition, weeks equaltel.04,-1.08 and —1.08, respectively, at 550 nm,
ultraviolet sensitivity was significantly lower in the ventral and—0.98,-1.04 and —1.10 at 500 nm). The trend was more
retina of thyroxine-treated fish than in the dorsal retina ofariable in thyroxine-treated fish; however, the sensitivity at
thyroxine-treated fistt£2.07 at 380 nm, d.f.=#<0.05;t=2.03 500 and 550 nm was often only 0.4-0.7 log units lower than
at 360nm, d.f.=6,P<0.05; one-tailedt-test). When fitting the peak sensitivity (average relative sensitivity values for 2, 4
absorptance curves to the thyroxine-treated, ventral week#hd 6 weeks, equal t€).69-0.65 and —0.58, respectively, at
data, we concluded that only the blue cone mechanism w&&0nm, and equal t60.48,-0.49 and-0.38 at 500 nm). The
necessary to explain the data. Similarly, the linear-additive fidifference in relative sensitivity between control fish and
produced a weight for the ultraviolet-sensitive mechanism thahyroxine-treated fish was significant for 2, 4 and 6 weeks at
was reduced relative to controls. Both the dorsal and ventrabth 500 and 550 nnP&0.02 for all comparisons; two-tailed
retina of control fish still had significant input from the t-test).
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Fig. 4. Spectral sensitivity of fish after 6 weeks of thyroxine, or control, treatment. Data plotted as in Fig. 2.

In ‘natural’ (untreated) steelhead smolts, we found changest al., 1993). However, accessory corner cones have been
in ultraviolet sensitivity similar to those in the fish treated withobserved in dorsal regions of the retina (H. I. Browman,
thyroxine for 6 weeks. The dorsal retina of two steelheagersonal communication), which apparently impart the
(weighing 60g and 65g) exhibited ultraviolet sensitivity, regional ultraviolet sensitivity demonstrated here. In addition,
indicating the presence of an ultraviolet-sensitive coneur results also indicate that the reduction in ultraviolet
mechanism in dorsal retina (Fig. 5). In the two steelheadensitivity in the ventral retina occurs between 4 and 6 weeks
(weighing 70g and 85g) tested for ventral sensitivity,of thyroxine treatment for most fish. After 4 weeks of thyroxine
ultraviolet sensitivity was much reduced, and almost absent ineatment, one fish had reduced ultraviolet sensitivity in the
one individual. Chromatic isolation appeared to be similar irventral retina, but two others still had significant ventral
all four fish, with a difference of approximately 1 log unit in ultraviolet input. By 6 weeks, all the fish examined for ventral
sensitivity between 500 nm and 420 nm. ultraviolet sensitivity had reduced ultraviolet sensitivity.

Browman and Hawryshyn (Browman and Hawryshyn, 1992)
found a similar time for reduction of ultraviolet sensitivity in
Discussion thyroxine-treatedO. mykissparr. In two fish treated for 5

Our results indicate thad. mykisssmolts have reduced weeks, ultraviolet sensitivity was not apparent. However, in the
ultraviolet sensitivity in the ventral retina, but retain significantsame fish treated only for 3 weeks, ultraviolet sensitivity was
ultraviolet sensitivity in the dorsal portion of the retina. Thisappreciable, implying the presence of the ultraviolet cone
was the case for both artificially induced smolts (i.e. nonmechanism.
anadromous rainbow trout parr treated with thyroxine for 6
Weeks) and natura”y smolted anadromous steelhead (Weighirgomparison with other studies on the reduction of ultraviolet
60—85g). Our finding implies that a population of ultraviolet- sensitivity in salmonids
sensitive cones reside in the dorsal retindofmykissafter Earlier studies on ultraviolet sensitivity in both artificially
smoltification. Ultraviolet-sensitive cones (i.e. accessorynducedO. mykisssmolts (i.e. rainbow trout parr treated with
corner cones) in the ventral retina disappear from the retingthyroxine) and larger, more developed, juvenile rainbow trout
mosaic during smoltification irD. mykiss(Browman and showed a reduction of ultraviolet sensitivity using stimulus
Hawryshyn, 1992; Browman and Hawryshyn, 1994; Beaudgtresentations that may have illuminated primarily ventral
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Dorsal & thyroxine-treated®. mykisparr in Browman and Hawryshyn's
study (Browman and Hawryshyn, 1994) indicates a slight
‘hump’, or elevation, in ultraviolet sensitivity that is not
explained completely by the short-wavelength cone
mechanism. This suggests that some ultraviolet-sensitive cones
remained in the retinal mosaic of thyroxine-treated fish, and
may be explained by illumination of the dorsal retina.
Although ultraviolet-sensitive cones were absent from most
of the ventral retina of thyroxine-treated fish, some areas
were found in the central and dorso-temporal retina that
possessed accessory corner cones (H. . Browman, personal
communication). Therefore, consistent with our study,
thyroxine treatment did not appear to result in a complete loss
of ultraviolet sensitivity or of ultraviolet-sensitive cones in
the retina ofO. mykiss Although ultraviolet sensitivity was
dramatically reduced in the ventral retina after 6 weeks of
thyroxine treatment, we also found a small ‘hump’ in
sensitivity, indicating that even in the ventral retina ultraviolet-
sensitive cone loss may not be complete (Fig. 4).

There is one study that is difficult to reconcile with the data
presented here (Hawryshyn et al., 1989), in which a heart-rate
conditioning technique was used to analyze spectral sensitivity
in rainbow trout of different sizes. The illumination in this
study was sidewelling and would have cast light on the entire
retinal surface. Yet, no ultraviolet sensitivity was found in fish
sl weighing 60g or more. One possibility for this seemingly

300 conflicting finding with our current study is that heart-rate
conditioning may not yield the same spectral sensitivity
functions as recording directly from the optic nerve. That is,
Fig. 5. Spectral sensitivity of natural, untreated steelhead smolts. Thétraviolet-sensitive cones in the dorsal retina may not provide
data for each of four individual smolts are shown separately (two igignificant input to the neural circuitry involved in heart-rate
which dorsal sensitivity was measured and two in which ventragonditioning. Differences in spectral sensitivity functions have
sensitivity was measured). The data have been displaced gn thepeen reported for the ultraviolet-sensitive cone mechanism in

axis so that the data from each fish can be easily viewed. The masso(HtiC nerve recordings and heart-rate conditioning. In heart-
each fish is shown to the right of each data set. Pigment absorptal AT . - -
curves and the linear-additive model were plotted for each individutot}?j‘(%e conditioning, a polynomial expression for pigment shape

fish as described in Fig. 2, and the values for the ultravisigtdnd with a peak at 360 nm best fits the spectral sensitivity function

short-wavelengthKs) mechanisms are also shown for each data set.Of parr (Hawryshyn et al., 1989; Browman and Hawryshyn,
1992; Browman and Hawryshyn, 1994). In contrast, a

polynomial with a peak at 390 nm provided a better fit of the
retina (Browman and Hawryshyn, 1992; Browman ancdata obtained from the optic nerve (Beaudet et al., 1993).
Hawryshyn, 1994; Beaudet et al., 1993). Given stimulus desig@imilarly, had we used polynomial functions to fit our data
considerations, however, it is unclear how well focused thes@ther than known absorptance curves and the linear-additive
stimuli were on the retina (see Introduction). Using amodel, a polynomial with a peak at 360 nm would have fitted
downwelling light stimulus, Beaudet et al. (Beaudet et al.the data poorly, as can be seen by examining the fit of the 360
1993) found that larg®. mykiss(60-835g; a size at which absorptance curve in our data.
fish would be smolts) had no apparent ultraviolet sensitivity in Beaudet et al. (Beaudet et al., 1997) reported the presence
the optic nerve. However, small parr (<30g) had significanef accessory corner, or ultraviolet-sensitive cones, in the dorso-
ultraviolet sensitivity that was attributable to an ultraviolet-temporal retina of sexually matu@e mykissThese cones may
sensitive cone mechanism. The absence of any apprecialsie the source of ultraviolet sensitivity in our fish. That is, the
ultraviolet sensitivity in large fish suggests that it was primarilydorsal retina may remain ultraviolet-sensitive throughout the
the ventral retina that was illuminated. If a significant portionlife of the fish. This explanation deviates from earlier
of the dorsal retina was illuminated in these studies, we woulsuggestions that dorso-temporal accessory corner cones are
have expected, on the basis of the findings presented heregenerated into the retinal mosai€oimykissome time after
ultraviolet sensitivity to have been higher because of themoltification, but before sexual maturity (Beaudet et al.,
presence of ultraviolet-sensitive cones in the dorsal retind993). However, our findings cannot preclude the possibility
Indeed, careful examination of the sensitivity function ofthat dorsal ultraviolet sensitivity is completely lost at some
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point after smoltification. Indeed, in brown trddélmo trutta  the fate of ultraviolet sensitivity in salmonids and need to be
accessory corner cones may disappear from the retinal mosaigorously assessed. At this point, we do not know enough
in a ventral to dorsal direction over the course of 2 yearabout the factors controlling ultraviolet sensitivity in
(Bowmaker and Kunz, 1987). Juvenile brown trout possessalmonids. All the parr examined to date (representing 4
accessory corner cones over the entire retina. 1-year-old browpecies) appear to possess ultraviolet sensitivity (Parkyn and
trout possess accessory corner cones only in the dorsal portislawryshyn, 2000), but onl. mykissandO. nerkahave been
of the retina. However, 2-year-old brown trout show an almostxamined over parr, smolt and sexually mature stages.
complete loss of accessory corner cones over the entire retina,
with the exception of a small number remaining along the Possible consequences of ultraviolet plasticity on behavior
embryonic fissure of the retina (Kunz, 1987). In our study, it and ecology in salmonids
is entirely conceivable that we have only caught the first phase The reduction in ultraviolet sensitivity @. mykissoccurs
of reduction in ultraviolet sensitivity, and further examinationat a time when salmonids (i) shift habitats from shallower to
of older fish may reveal a complete loss of ultravioletdeeper water and (ii) shift their diet from small zooplanktonic
sensitivity inO. mykisslf this were the case, then regenerationcrustaceans to larger crustaceans and small fishes (see
of ultraviolet-sensitive cones into the dorsal retina at sexualiscussion by Browman and Hawryshyn, 1994). Ultraviolet
maturity would have to occur to produce the adult pattern iphotoreception is known to contribute to prey detection in
the retinal mosaic (Beaudet et al., 1997). zooplanktivorous fish (Loew et al., 1993; Browman et al.,
In sockeye salmo@®ncorhynchus nerkadoth physiological 1994), and the loss of ultraviolet photoreception from
and histological evidence provide support for regeneration dhe ventral retina may reflect a change in diet and search
ultraviolet-sensitive cones in sexually mature fish (Novalestrategy for prey. Alternatively, the remaining ultraviolet
Flamarique, 2000), but whether the developmental pattern ghotosensitivity in the dorsal retina may represent a
ultraviolet sensitivity found irD. nerkais indicative of other conservation in prey-search behavior utilizing dorsal
salmonids species is unknown. It is even uncertain whether thetraviolet photoreception. Not enough is currently known
same developmental pattern of ultraviolet-sensitive cone losbout topographic retinal specializations for behavioral tasks
is to be expected in different populations of the same specids. salmonids to make any clear predictions, and the pattern
Two different studies have produced conflicting results withof ultraviolet sensitivity loss may differ both between and
respect to the loss of ultraviolet sensitivity at smoltification inwithin species (see discussion above). Interestingly, however,
O. nerka Using a stimulus in which the whole eye was evenlyeduction in ventral ultraviolet sensitivity occurs at a time
illuminated, Novales Flamarique and Hawryshyn (Novalesvhen rainbow trout lose the ability to orient to overhead
Flamarigue and Hawryshyn, 1996) found that, althougtpolarized light stimuli (a task that requires ultraviolet light
ultraviolet sensitivity was reduced in sockeye smolts, the fism salmonids; Hawryshyn et al., 1990), which suggests that
retained some ultraviolet sensitivity (possibly due to retentiothe ventral retina may be specialized for detection of
of ultraviolet-sensitive cones in the dorsal retina). In @verhead polarized light cues used for orientation and
more recent study, however, Novales-Flamarique (Novalesavigation.
Flamarique, 2000) found that sockeye smolts had no ultraviolet
sensitivity. The reason for these conflicting results is unclear. Other effects of thyroxine on visual processing in fish
Like other species of salmonids, sockeye smolts do retain In addition to the changes in ultraviolet sensitivity @f
accessory corner cones along the optic fissure and also somgkiss other changes in visual sensitivity were observed with
near the periphery of the retina (Novales Flamarique, 2000)hyroxine exposure. Thyroxine-treated fish exhibited a relative
Whether these cells are photoactive or ultraviolet-sensitive iscrease in middle-wavelength sensitivity compared with
not known. Furthermore, if these cells are ultraviolet-sensitiveshort-wavelength sensitivity. We found a difference of
one would expect to see ultraviolet sensitivity reported in botB.5logvalue in the relative sensitivity between the short-
studies onO. nerka One possibility for the conflicting data wavelength-  and middle-wavelength-sensitive  cone
may be that there are population differences in the pattern afechanisms in control and thyroxine-treated fish. This was an
ultraviolet loss inO. nerka Sockeye salmon from different unexpected result since the spectral characteristics and
populations were used for the two studies cited aboventensity of the adapting background remained constant for all
Therefore, not all populations @f. nerkamay show complete fish tested. Beaudet et al. (Beaudet et al., 1993) observed a
loss of ultraviolet sensitivity during smoltification. Similarly, similar, yet less pronounced, change in sensitivity between
other species of salmonids may exhibit population differencearge and smalD. mykiss However, we found no difference
in loss of ultraviolet sensitivity, and this could explain somen chromatic isolation in the four smolts we examined. One
of the differences we have outlined in the various studies omight expect a relative increase in middle-wavelength
O. mykiss Careful comparative studies on the developmentadensitivity as ultraviolet photoreceptors are lost from the
trajectory of ultraviolet sensitivity in salmonids are needed/entral retina, simply as a result of reduced short-wavelength
both between and within species. In addition, other factorgput. However, the relative increase in middle-wavelength
known to affect smoltification (such as environmental lightingsensitivity was also seen in the dorsal retina of thyroxine-
temperature, body condition, growth rate, etc.) may also affetteated fish, in which there was no loss of ultraviolet
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sensitivity. Also, the relative increase in middle-wavelengthadvice and help with fish maintenance and health. We also
sensitivity was apparent at 2 and 4 weeks of thyroxinéghank Fraser Valley Trout Hatchery for supplying fish.
treatment, prior to the loss of ultraviolet sensitivity in theFunding was provided by an operating grant from the Natural
ventral retina. Therefore, our findings suggest that, in additioBciences and Engineering Research Council of Canada
to the loss of ventral ultraviolet-sensitive cones, there may bl @NSERC) to C.W.H., a postdoctoral fellowship from the
other changes to post-photoreceptor retinal circuitry or tdledical Research Council of Canada to M.E.D., and an
intrinsic properties of photoreceptors after exposure tandergraduate student research award from NSERC to
thyroxine. In goldfish Carassius auratys exposure to D.K.G.
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