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Paired visual pigment fishes and amphiQiéns possess rﬁédopginuéﬁd
porphyropsin ;hich are derived from the R?spectivg conjugation ;%
retiﬁal {the aldehyde of reLinol,lvitamin Ap) and 3—dehydroyetigéi (the
aldehyde of 3—dehydroretinol, vitamin A,) to a species specifiéjbpsin.

The relative proportions of porphyropsin and rhodopsdn in ¢hése?paif€d

pigment species are known to change seasonally, during spawning™

e

migrations and at metamorphosis. "The éomposition of visual pigé;nté caﬂ_
also be artificially altered by light, temperature and hormo}alf
treatments, | 4 |

By t;ahsferring rainbow tro&t to new photic and thefgél envirgnmeptg
and sampling at intervals, the dynamics of the changing&visuai piément
~ composition waé stqdied. Within 30-50 days of acclimation, visual-

-~ o

pigment composition in different grbups subjected to the same treatment
converged and stablized. Groups of trout held under 15 differenfilight
- and temperature regimes for 60 déys were then analysed for viSualj1 l.
pigment proportions. Thése 'steady—state visual pigment composiéioﬁs'
reflect the effect of fg;;t and temperature on the visual p&gm;ﬁt
composition in trout. The £iver of these animais had mostly é—deﬁYdrqf
retinol and the relative proportions of the two vitamins were n&t;‘ |
affected by light and temperature treatmepté.

On the basis of a light and temperature effect on the photopigﬁént
composition in the retina, it was possible to identify a rhodopsin

inigoldfish which were thought to possess only porphyropsin.

Further experiments showed that an optimal light period (16L/8D) and

iv
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a light intensity (under a 7.5 light bulb), in combination with a high
iE; o water temperature (BOOC), resulted in a change of visual pigments from
5 ‘

predominately porphyropsin to predominately rhodopsin in the goldfish

L

retgna. The relative proportions of‘3fdehydroretinol and retinol.in

. s, R
- I wo N ? . >

tite pigment epitheliuym also,decreased when the fish were acdclimated to

?become rhodopsin rich. However, the relatively slow rate of change in

the vitamin A composition_suggests that the pigment epithelium does
not regulate visual pigment composition in the retina-simply on the

basis of the relative amounts of its retinol and 3-dehydroretinol.

These fish also @ossessed high proportions of 3ldehydroretiﬁol'in their
livers: S - ' ~
- After subjecting groups of leopard frogs and bullfrogs to.ﬁiffer— o ,

ent’ 1light and temgerature regimes for 30- 40 days, the former had only
rhodop31n w1th predominately retinol in ‘their livers The latter

9 » however, had predominately rhodop81n in some: groups but up to 50?

Ry -

P ' porphyrop81n in othefs. “This is hecause the dorsal retina in'the
bullfrog responded to light and!temperature‘treatments'byig change in
the proportions”of!rhodopsin;and porphyropsin while the ventral
retinrs remainedqrhodopsin rich. fThe vitamin A comoosition.in the
associating dorsal and ventral oigment epithelium was; in most cases,~
similar to the visual pigmeht comp031tion in the zetinaf' Their livers
had predominately retinol-irrespective of the light and temperature

P

conditions.



ACKNOWLEDGEMENTS _ e

€
.- I thank Dr. David D. Beatty for'gqiéggcé, support and critical
» - ’ i
review of. this thesis. 1 also thank Drs. J. Bell, R. Fox, F. Munz,
L. Wang and S. Zalik for suggestions and critical review of this thesis.’
. P Y R
. - T

The excellént technical support by M.‘Tanaka,.B. Méckay, M.
Stacey, B. Medford and P. Valastin are hereby ackno&ledged. Moreover, -
lqye and apbreciation are extended tq my wife, Qendy, who spént many
hours in preparation of Ehis manuséript.

Tis research was supported by a grant (NRCKAZSAl) from therﬁatiqnal
Research Council .to Dr. Bgatty: This doctoral pfogrém was sgppérﬁgd by
a National Research Council Postgraduate Scholarship, 'a Graduate Tf.acﬁj

ing assistantship and a Graduate Research Assistantship from the

Department of ioology of the University of Alberta,

s

LY

vi



Chapter

1.

1.

ITI.

Iv.

‘ # o
R )
-
F‘ -
. TASLE OF CQNTENTS
‘ * )
’ Page
GENERAL INTRODUCTIdﬁG....%!.;.....?,,;;...1 ........ ..... L
VISUAL PTCMENTQ‘AND'yIfANINélA IN_RATNZOW TROUT :
Entroddction ................ I e e e L2
%atefiais and Mefhods' .............................. X 14
Results et e feeeaea. S, L8
Discuésions ............... EIR e t.. 26
VISUAL PICHENTS AND VITAMINS A IN GOLDFISH
introduction e :..........;;.f.;..{ ....... ve.. 31
Materials and Methods «.7eeeeeuue... e rm et eneaenee e 34
RESUTES vttt ittt e it iee ittt e e o es e, 42
Discussiong ............ e e s 55

VISUAL PIGMENTS AND VITAMINS A IN BULLFROGS AND LEOPARD

FROGS. .

Introduction ..... e s et e e ..., 63
Materials and Methods ...t iier it i en e iinienreneeanosen 66
Results ..... et s e ettt et e et .o 71
Discussions ..... eee e e e e a st e e et 83
GENERAL DISCUSSIONS ............ et .91
REFERENCES vt vvvesevnnennenrerneennnenesnenenns e 97
APPENDTCES ..................‘.........;..; ........... 103

vii



Table

1.

J‘ .

\

LIST OF TABLES

Visual pigment composition of-dorsal, ventral and .
whole retinas of the adult bullfrog, Fana catesbeiana,
kept under light-temperaturé regimes for 40 dayS..eeeeianad

viii



* LIST OF FIGURES

Flaonre , . Pa
, !, .- .

\

1. Dynamics of visnal pigment change in rainbow trout ..... 20

3 '/.: ‘ 1 ’

2. Steady-state vizual pigment composition‘of‘rginbow
trout in relation to a) photoperiod and

) EOmPOTAtULE ittt ittt i e e e e, 23

3. Difference spectra, measured in the presence of
’ hydroxylamine, of rhodopsin (lmax=499 nm) and
porphyrepsin (Amax=522 nm) inthe goldfish ............. 38

" 4. The effects of a) photoperiod, b) Light intensity
. . "~
and ¢) teuperature on the visual pigment
composition in the goldfish ........ .o, b4

5. Effect of exogenous thyroxine on the visual pigment
composition in the goldfish .......... i enno.. 49

G2 The vitamin A composition in the saponified pigment
epithelium in relation to the visual pigﬁent
composition in the retina in goldfish treated with
light, temperature and ERYTOXING v urevennemeenenenennnnns

in
8]

7. The effect of long term acclimation (favoring
i rhodopsin rich retinas) on the vitamin A
‘ composition in the pigment epithelium of the
G B - R 1

8. Visual pigment compositions in the dorsal and the
ventral vetinas of adult bullfrogs subjectod ‘to
a) photoperiod and b) temperature treatments ........... 75

9. Carr-Price spectra showing the vitamin A
compositions of the dorsal and the ventral
pigment epithelium as well as the liver of ‘
the adult bullfrog ......oovvevvveeniiiinens i, 78

10. The visual pigment composition in the dorsal
retina in relation to the vitamin A composition
in the dorsal pigment epithelium in the adult
o B I o - - 0|

11. Spectral irradiance delivered by fluorescent’
tubes and tungsten bulbs ....evtiiiiiiieen e, 113



v

CHAPTER T

r

CLENERAL INTRODUCTION

Rhodopsin and, porphyropsin are scotopic visual pigmentst of

vertebrates angd are durived from the respective conjugation of retinal
© .
f recinol) ahd 3-dehydroretinal (the aldehyde of 3-

(the aldoh
ko opsin (for reviev, sece Knowles and ®artnall,' 1977bh).
soelens rhdibpuin is ‘ound in all classes of>vortobrntes, porphyropsin
has beuwn cuuf;rmed only in dertata lampreys, éstefchthynn fishes and
Snphibivké; sud dr s s le s naenr ju freshwater turtles (for reviews,
see Crescitelli, 1972; Fnewles and Dartnall, 1977e). In-ccrtain fishes
and‘am;hibings, rhodopsia and porphyropsin may co-exist in phc retina
(for revicws, sece Bridg?s, 1972; Beatty; 19753). When the .rhodepsin
and porphyropsin are both based on fhe'samelbpsin, the énimal is
referred‘télas a paired pigment species (see ﬁridges, 1972, thwles

and Dartnall, 1977c).

Many pqired pigment specles can alter their visual pigmenﬁ (or - d
photopigment) composition (i.e. the relative amount of rhodépsin and
porphyropsin usually designated as percent pogﬁhyropsin or porphyropsiq
proportion). I fishes, natural changes in porphyropsin ratios may
occur seasonally, during a spawning ﬁigrétion and a£ sexual maturation.

Winter caught fishes, for example, may have significantly higher

porphyropsin ratios than summer fishes (rudd, Scardinius erythrophthal-

N

Scotopic visual pigments refer to rod pigments which possesé lower
visual thresholds than photopic cone visual pigments.



rmus, Dartnall, Lander and Munz, 19615 ‘golden shiner, Hoteriigonus
crysoleucas, Bridges, 1964; pike killifish, Belonesox belininus,

¥

Bridges, 1964; juvenile ccho and king salmon, Cncovhinelis kiswted” and.

v A
i

0. tshawytscha, ﬁeatty, 1966; burhot, LOta'ZotQ,IBeatty, 1969a; }cdside
u 5 g .
shiner, Richardsonius balteatus, Allen, 1971; cutthroat trout Salmo
¢larkiZ, Allen, McFarland, Munz and Postbn;-1973). Anadromous Pacific
salmbn, Oncorhyhchus spp. fBeatty? 1966) and rainbow smelt, Osmerus
eperlanus (Bridges and Delisle, 1974) éhift from predominately rhodop-
s}n in sea water to almost pure porphyropsin dufing their migration to
their frgéh water spawvning sites. Cata&romous eels, ﬁbwover, have
porphyropsin-dominated retinas when in the immature yellow stage
(American eel, Anguilla rostrata, Beatty, 1975b), whereas rhodopsin
dominates the eyes of the maturing silver adulgs (Wald,'l960;
Beatty, 1975b).

Photopigment conversion! induced by light treatment was first
reported in the rudd by Dartnall et. al. (1961).- Sﬁbsequent studies
have shown thaf an iﬁcrease»in light intensity or longer phdtopericd
may eiﬁher increase or decrease porphyrbpsin ratios, depending on the
specigs tested. Light favors an increase‘in porphyropsin in the red-
side shiner (Allen, 1971), rainbow trout ‘(Allen et. al., 1973; Cristy,
1976; Tsin, 1976; McFarland and Allen, 1977) and brook trout,.SaZuéZinus

fontinalis (Allen et. al., 1973; McFarland and Allen, 1977). However

‘
light promotes a decrease in porp&yropsin ratios -in the rudd
- : TP

' yisual pigment conversion or turnover refers to the replacement of

rhodopsin by porphyropsin, or vice versa, resulting in a change in
the relative proportions of the two pigments.in the retina.



(Dartnmall aot. al., 1961; Bridges aund Yéshikami, 1970a), pike killifish
(Bridges, 196549, golden shiner (Allen and McTFarland, 19773) :nd gommon
. . B (1

shiner (Yotropis cormutus, McFarland and Allen, 1977). Allen and
. . ® . .
McFarland (1973) were the first to report that highér temperatures

fFavored lower porphyropsin ratios in the golden shiner. Subskquent - -

7

reports on the tempetrature influence suggested that higher temperatures
N . B - Y

always favored lower porphyropsin proportions, irrespective of the -

»
o

species response to light (rainbow trout, Cristy, 1974; Tsin, 1976;‘Tsin
and Beatty, 1977a; McFarland and Allen, 1977; common shinery McFarland
and Allen, 1977). The possibility that environmental fictors may exert

their influence via a neuroendocrine system was raiscd (Beatty, 1975a)

as thyroid lhormones and prolactin were found to increase effectively

- .
-

porphyropsin porportions in many paired pigment fishes (thyroid hormone
(s): rainbow trout, Munz and Swanson, 1965; Jacquest and Béaéty, 1972;
Tsin and Beatty, l977b; kokaqeé, Oncprhynchus nerka, and coha salmon,
Beaity, 1969b, 1972; redside sginer,’Alleﬁ, 1971; Altantic salmon,
Salmo salar, Beatty, 1975a; common shiner and‘Biook trout, McFarland
and Allen, 1977; prolactin: rainbow trout, Cristy', 1974).

Changes in the visual pigment composition of certain amphibians
also cccur. ‘During metamotphosis, a shifgjfrom porﬁhyropsin to
rhodopsin is associated with the change from an aquatic to terrestrial
habitat in many species of'frog§ (Hyla and Rana spp., S¢e Bridges, 1972,
for reviews). Visual pigméng changes inducéd by light éreatment in

tadpoles were first reported by Bridges (1970, 1974). 1Light, in

'comparison to darkness, favored higher proportiaﬂé of porphyropsin in

i
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the tadpoles of the bulifrog (Rana catesbgi&na), leopard ffog-(Rana
pipieﬁs) and the bronze frog (Ran& cl&mitans) (Bridges, 1970, 1974).
Lower w;ter femperature may also fanr'more‘porphyropEin in bullfrog
tadpoles (Bridges, 1974). Whether light and temperature can also affect

visual pigments of an adult amphibian is not known at present,

‘although adult bullfrogs in the winter were reported to possess more

porphyropsin ,in the dorsal retina (Reuter, White and Wald, 1971).

Qith réépect to hormones, thyroxine is known to increase rhodopsin
proportions in:the tadpoles of the bullfrog (Wilt,ul95§)zand the
bronée frog (Bridges, 1975) whereas prolactin, éﬁjahtagoniét df
thrz9&1ne will lncrease porphyrop51n proportions in bullfrog tadpoles

and in the eastern spotted newts;, Wotophthalmus vzridesaens (Crim,

a

1975a & b).
More stuaies are heeded to elucidéte the effect of light and
te&peratﬁre onvthé”visual pigment composifion in paired pigment'f
animals. For example,vis the porphyropsin proportion in the retin;
determined by a pérﬁicuiar light and temperature regimé? If so, how
long does it take to.reach a stablized bérphyrbpsin ratio (or sﬁéady—
state visual pigmeﬁt compositioq)? Aye fhese steady-state visual pig-
meﬁt compositions. predictable and reproducible? What are the effects
of light and temperature on these steady-state éorphyropsin ratios?
The present study on rainbow trout (Chapter II), a speéies kﬁown to

possess paired visual pigments (Munz and Beatty, 1965), shows that

visual pigmeﬂtwcomposition will stablize after 30-50 days of

s s

acclimation. This steady-state vlsqal p&gment composition is predict~

able and is appropriate for the s:ydx/on he effects of light and

'temperature. Studies on steady-statle visual pigment composition, as



obtained from subjecting groups of trcout for 60 days to 15 different
light-temperature recgimes (i.e. GOC, 129C and 189 in combinati;ns with
0L, 6L, 12L, 18L and 24L), suggest that Jonger photoperiods and lower
water temperatures always favor higher porphyrppsin proportions in
trout.

The subsequent chapter (Chapter ITI) demonstrates how Light and

tgmperdture can be utilized to alter the visual pigment composition in

the go]dfish, Carassius auvratus. Although goldfish weresthought to
* A4
~

possess only porphyropsin for the past decade (Schvanzara, 1967;

Bridges, 1973), the present study shows that by SHbJPCClmQ puldflqh

to LcrtaLn combinations of photoperiod and temperature, a deteccable

level of rhodopsin can be identified. Morebver, an almost complete

replacement of porphyrdpsin by rhodopsin was achieved by employing a
pParticular combination of light intensity, photoperiod and temperature
(see Chapter IIT for aetails). Consuquently, it s likely Lhat light

and temperaLure effects on v1sual plgment compGSLtlon of thc goldflbh

may have led previous investigators to belleVQ LhaL goldfish possess

only porphyrop§1n. ]
The labile nature of visual pigments in paired pigment species

is not restficted to paired pigment fishes and éhphibian tadpoles

only. Reuter et. al. (1971) reported that winter. bullfrogs had

more porph/ropsin (about 40/) all segregated into dorsal retina, than

the summer frogs (about 5% porphyropsin). They attriﬁuted this change

in visﬁal pigment composition to a sé;sonal effect. It would be of

interest, therefore, to see whether this seasonal change Qf.visual

pigment composition\s a}so attributable to possible effécts

of light and temperature, as has been suggested in paired pigment



fishes. My subsequent study on the adult bullfrog (Rana catesbetiana)
and the adult leopard frog (Rana pipiens) (Chapter IV) may pro&ide

an answe; to this question. My results showed that the dorsal retina
of the adult bullfrog responded to different photoperiod and témpera—
ture treatments by possessing predominatelf rhodopsin or‘predominately
porphyropsin (see Chapter IV) while the ventral portions of the retina
remained rhodopsin rich. However, the visual pigment composition of the
adult leopard frog did not respond to similar light and temperature
treatments (they possessed only rhodepsin in théir retinas, see
Chapter IV). These results substantiated Bridges' suggestion that the
adult bullfrog may constitute an exception amongst species of Rana

and flyla in retaining porphyropsin in their adult phase (Bridges,
1974). Nevertheless, this interesting phenomenon of light and
temperature induced visual pigment conversion occurring only in the
dorsal part of the retina, but not the ventral part, should‘proVe

to be useful for future studies on the mechanism of visual pigment
turnover in the vertebrate retina.

The mechanism of visual pigment turnover is at present,.a topic
for investigation. 1In a paired pigment animal, rhodopsin and porphyro—
psin are respectively derived from retinal and 3-dehydrore£inal
conjugated to the same opsin (Knowles and Dartnall, 1977c). The replac-
ement of rhodopsin by porphyropsin, therefore reguires a change of the
présthetié group from retinal to 3-dehydroretinal. Retinal and 3-
dehydroretinal in the retina come from reﬁinol and 3-dehydroretinol

-provided to the retina by the adjacent pigment epithelium which stores



the two vitamins Al.mostly in the form of retinyl o; 3—dehydroretinyl
esters (for feviews o% tﬁe biochemistry of ghe visual processes, see
Bridges, 1967; Morton, 1972; Bridges, 1975 and knowles and Dartnall,
19774d). wald (1939), Wilt (1959) and Reuter et. al. (1971) reported
that vitamiﬁ A compositions in the bleached retina and the pigment
epithelium are similar in several species (king salmon, rainbow trout‘
and hrook trout, Wald, 1939; bullfrog tadpoles, Wile, 1959; bullfrogs,
Reuter et. al., 1971). Assuming the vitamin A compositions in the
bleached rgtinas reflect the visual Pigment compositions, Reuter et. al.,
(1971) suggested that Ehe pigment epithelium regulates the visual
pigment proportions through the rélative proporgions of its vitamin A
and vitamin Ao,. Bridges and Yoshikami (1976b) confirmed that
pdfphyropsin proportions in the retina 'mirrored' the 3-dehydroretinol/
retinol ratios in the (saponified) pigment epithelium of the rudd.
Therefore the§ also suggested that the pigment epithelium controls

. visual pigqgnt composition in the retina through a change in the
relative aQailabilityvof its retinol and 3-dehydroretinol, Moreover,
when the bleached'retina of the goldfishk(concluded-to contain oniy
porphyropsin) was placed on Rang pipiens pigment epitheliuﬁ (concluded

to contain only vitamin Ai), it regenerated mostly rhodopsin

In this thesis, vitamin A] represents the combined retinoi and
retinyl ester whereas vitamin A, represents the combined 3-
dehydroretinol and 3-dehydroretinyl ester.. The saponified pigment
epithelial extracts contain only the alcchols (retinol and 3-

. dehydroretinol) whereas the non-saponified pigment epithelial
extracts may contain both alcohols (retinol and 3~dehydroretinol)
and esters (Egtinyl ester and 3~dehydroretinyl esters). The term
vitamin A means both vitaming. ‘



(Bridges, 1973), confirming the influence of pipgment epitﬁnlial
vitamin A composition on the visual pigment eomposition in the retina.
The hypothesis that the carotenoid compesition of the pigment

cpithelium deteruwines the visual pigment composition in the retina
needs to be critically re—e#amined because: 1) the assumption that the
vitamin A compositibn in the bleached retinas reflects the visual
pigment compoéition may not be wvalid becéuse retinas may possess a
considerable storage of vitamin A not conjugated to form visual
pigments (from 0.1 moles per mole of visual pigment to 1.4 mole/mole
in differcevt species examined, Bridges, 1975). Since (Reuter
et. al. (1971), dald (1939) & Wilt (1959) did not prewash the dark adapted
retinas with iight petroleu@_ether before bleaching (a procedure which
will remove the stored vitamin A‘without affecting the visual pigment,
Wald, 1935-6), their unbleached preparation may have contained a
significant amountiof free vitamin A that was in a proportion different
from that present in‘the visual‘pigmegts; 2) recent reports have shown
that 3-dehydroretinol proportions in the pigment epithelium do not
necessarily refleét the porphyropsin proportions in certain species,
- including bullfrog tadpoles and bronze frog tadpoles (Bridges, 1975);
A SN
and 3) results from pigment regeneration studies may be inappropriate

to elucidate the mechanism of visual pigment conversion, This 1is

because pigment regeneration is different from new pigment synthesis!

/
/

Retinal is conjugated to opsin forming rhodopsin at the base of the
rod outer segment during disc renewal which occurs in the light and
in the dark (in Rana piriens, Hall and Bok, 1974). Under illumina-
tion, rhodopsin is bleached and during dark adaptation it is regen—
erated throughout the rod outer segment thus proviaing an addition-
al route of retinal incorporation with opsin to form rhodopsin
(Hall and Bok, 1974). It is assumed that the biosynthesis of
porphyropsin from opsin and 3-dehydroretinol, in addition to the



{

§

(at the base of the rod outer sepment; Young, 1974 Hall and Bok, 1974),

-

a process which may be of lmportance in visual pigment conversion™in

‘paired picment species (see Chapter V, General Discussions).

In this stddy, vitamin A compositions of the pigment epithelia
of goldfish and bullfrogs were measured and compared to the visual
pigment compositions in tée retinas (cainbow trout and leopard frogs
did not possess sufficient vitamin A in their pigment epithelium for
analysis). After 50 days of acelimation, rhodopsin-rich goldfish had

predominately 3-dehydroretinol in their pigment cpithelium. Howcver,

N
the rhodopsin-rich dorsal retinas of bullfrogs (also as a result of
40 days of light- ttmledLHrP treatments) were associated with pizment
epithelia having mostly“vgtamin A1, although the percentages of vitamin
Ao in the pigmenF epithelium (25.9—42.4% vitamin As) remained higher
&han the porphfropsin percentages (3.8-7.3% porphyropsin) in the fetin-
as. Since the vitamin A composiéion in the pigment epithelium does
not always match tﬁe visual pigment composition in the retina, it is
likely that the pigment epithelium does not regulate the visual
pigment composition in the retina through the relative availability of
its vitamin Ay and Az. Further experiments on the ggldfish visual
system showed that the percent 3fdehydroretinol values in the
saponified .pigment epithelium may match the porphyropsin ratio in the

retina only after a prolonged period of acclimation (some 600 days,

3

Chapter IIT). This suggests that the degree of resemblance between

o
the vltamln A composition in the pigment epithelium and the visual

-

bleaching and resynthesis of porphyropsin, follows a similar pathway.

VA
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\&Lmnvnt composition in the retina is dependent ¢r bhe length of acclima-

2a

tion of the animal to a particular light and tempevature regime.

Vitamin A available frem other parts of the body, in addition to
3

that stored in the pigment epithelium, may also affect wisual pigment

camposition in an auimal. Tor example, Beatty (1906) reported that in
. '\ 3 N
' . - A . o s R
the adult coho salmon, rhodopsin and porph{gﬁpﬁln—rlch vetinas from fish
2 ‘ : +

- . . . PR .
caught at different locations were respectively associated “vith retinol-

rich and 3-dehydroretinol-rich livers in the animals. Tun addition,
“ - - .
Jacquest and Beatty (1972) induced significantly higher porphyropsin

-proportions in rainbow trout simply by feeding them with waLleyzﬁ‘
(Stizostedion vitrem ) liver extracts, a rich source of vitamin Ay, *°
‘ . N

\ N

Furthermore, Beatty (1972) showed that the porphyropsin percentages in

13 -

the retina and the 3-dehydroretinol percentages in the liver and in

tﬁe pyloric caeca of juvgnile kokanee were significantly increased
after intraperitoneal injections of 3~dehydroretinol. These reports
suggest that perhaps the vitamin A composition in the liver (which also
stores vitamin A in addition to the pigment epithelium) should also

be considered. In the present study, the vitamin A composition was

analysed (as 3-dehydroretinol percentages in saponitfied livers) in all
b s . ,

four species and compared to the visual pigment composition in the eye.

The rainbow trout and the goldfish possessed mostly 3-dehydroretinol in
. N _/ 0

their liveré in proportions that were notjcorrblagpd to the porphy;op—
sin proportions in the retina. The two species of frogs (bullfrog and
leopard frog), however, had almost exclusively rectinol in their livers
irrespective ofuthé light and temperature treatments. These résults

suggest that the vitamin A composition in the liver may play a less

J ”’ i

N

16
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significant role (as compared to the vitamin A compositidn in the

Pigment epithelium) in the regulation of visual pigment composition in

the retina. '



CHAPTER TI
VISUAL PIGMENTS AND VITAMINS A IN RATNEOW TROUT

Introduction

L}

o,

Rainbow trout (Saimo gairdner:) retinas contain a pair of scotobic
visual pigments: a rhodoﬁsin (Amax=502-503 um) and a porphyropsin
(Mmax=527 nm) (Munz aund Beatty, 1965). The relative proportions of
these two visua} pigmcnés are kn$wn to vary according to the light and
temperature environment to which the fish ave subjected (Allen et. aZ.J
19735 Cristy, 1976; Tsiq, 19765 MeFarland and Allen, i§77).

Regardless of the numerous srudies concerninyg the effects of the
photic and thermal eﬁ&iron&ents, little is known about thu‘dynamics of
‘changes in the viSuél pigment composition in paired pigment species.
For example, when fish of ‘dif€erent photopigment compositions are
placed in the same iight and temparature regime, will they eventually
attaiﬁ a similar and stable visual pigment compositidn? If so, will
they reach such a 'steady~state' condition simultaneously? Allen (1971)
attempted to answer the former by subjecting two groups of redside
shiners (éf different visual pfgment compositions) to the same light
environments. His results did not offer a comprehensive answer to the
question because one group of shiners as pretreated with thyroxine
and the effect of temperature was overlooked. Although visual pigment
compositions of the two groups of shiners were similar on the 4?nd
day of acclimation, the establishment of é merged and stabilized »
steady-state visual pigment composition was not dbpareﬁt”(Allen,'l97l,

n

Fig. 18).

12
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In this study, I have obtained experimenﬁal evidence showing

how groups of rainbow trout, each with a different visual pigment
compSsition, achieved stéady—state wheﬁ placed undér specified light

\

and temperature regimes The rate of cFange in visual pigment

]

p " . 1
composition was dirdctly related to the magnitude of change so that

difﬁgrentdgroups aftained their stéaaf;state simultqneously.

"In subsequent experiments, some three hundred fish were used to
establish the steady-state visual pigment composiﬁiéns for 15 light
ﬁnd temperature regimes. The results (ranging from 13% to 92%

porphyropsin) allow an qicurate assessment (i.e. steady-state vs

. S .
shifting visual pigment composition) as to how light and temperature

influenced visual pigment composition in rainbow trout. The apparent

predictability and reproducibility of these results élso allow these’
data to serve as realistic criteria for the manipﬂlation of rhodopsin7
porphyrd§siﬂ ratios in this speciés.

These animals do not have sufficient vitamins A in their pigment
epithelium for measurements. The percent 3-dehydroretinol in their

livers, however, did not bear any significant correlation to the

porphyropsin proportions in the retinas.

13



Materials and Methods

Light and temperature control

-

The design of the light and temperature environment are similar
to that described éa£iier (Tsin, 1976; Tsin and Beatt}, l977a).> Two
20W fluorescent tubes (G.E. cool white, about 35 cm from water suréace)
were placed on the inside ceiling of an enclésed wooden -1id housed on
top of an aquamarine, fiberglass, rectangular tank (of an area of 75 X
55 em?, a depth of 35 cm with»a water depth of 25 em). The lid.was
péinted white on the inside and the light/dark cycle was controlled
by an automatic timer. The irradiance at water surface (see Appendix
8), as recorded from the remote'probe of a spectroradiometer (1sco,
model SR) was 1.8 X 10!5 photons/cm?-sec (400-750 nm). The
continuously dark tank had a similar 1id painted black §n the insid;.
The irradiance given by the red bulb (used only for daily inspection
of the fish) was small (4.2 X 1013 photons/cm?-sec, 400-750 nm) .

Water temperature in the illuminated tank was confrolled b} a
thermoregulator (Canlab C-series, T3445) in combination with a relay
connected to solenoid valves on the warm (300C) and cold (5°C) water
lines. In the continuously dark tank, water temperature was
controlled by a’YSI Thermistemp temperature controller {Model 63SR,
Yellow Springs Co., Ohios similarly connected to solenoids on the
warm and cold water lines. Tank temperatures were attained by the
opening of either one of the two solenoid valves, alternately adding
warm or cold water to the tank. 1In adéi;ién, d4ir was constantly
bubbled-througﬁ the water to“ensurg aeration. Daily inspection

showed that water temperature stayed constant within +0.50%C.

14
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Analysis ¢of visual pimments

Animals were always dark—udnptedl for twvo hours bhefore eve renoval.

Preparation and analysis of visual pigment extracts followed a
‘ . .

Stnndurd ﬁroccdurc (Munz and Beacty, 1Q65;-Bea:ty, 1969h; Tsin; 1976,
Appendix 2; Knowles and Dartnall, 19773). The retinas of both eyes of
an individual were combined for extraction in 0.6 ml of 2% digitonin
(Nutritional Biochemicél;}. Bleabhing consisted of one 10 minute
exposure to an brange‘liﬁht (610 nm) . Using a template curve previously

preparad (Munz and Beatty, 1965), the relative porphyropsin percentages

(based on absorbance) were determined from the wavelength at the 50Y%

. point of the total differince spectrum (fov details, sve Tsin, 1976,

Appendix 2). Conversion of the rglative percéntage of porphyropsin to
molar~porphyropsin percentages (5#sed ‘on molecular concentration) was
made using vélues of 40600 and 30000 as molar extinction coefficients
for rhodopsin and porphyrqpsin respectively (Hubbard, Brownﬂand Bownds,
l971; Knowles and Dartnali, 1977b). Only molar percentage values

are reportéd in this study.

B -

Analysis of vitgmins A in livers

The livers were freeze-dried, ground and saponified (under
reflux) in 33 ml of 0.33M KOH in 94% ethanol for one hour at 70-80%C.

After chillij \n ice, 40 ml of distilled water were added and the

mixtures wefre sh with Jtwo portions of 50 ml diethyl ether for

© vitamins A extraction. The diethyl ether fractions were then

i

T . , o
Holding an animal in darkness for two hours will facilitate the
separation of the retina from ‘the pigment epithelium in addition

L4
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séparatcd and washed with two portions of 100 ml 0.54 KGU (to‘rcmove

GXcess cther soluble acié soap, sae p. 75,'Frecd, 1966) und 2 portions

of 100 ml distilled water before being dried over‘anhydrous sod Lt sulfate.
After evapogation under oxygen—free dried nitrogen and reconstituted

to 1 ml in chloroform, 10-100 pl were added to 1 ml of-saturated_

antimony trichloride solution containing 50 ul of acetic anhydride for the

Carf—Price prdcedureé éf vitamins A analysis (for details, sce llubbard et.

al., 1971). The vitamin As (3—deh;droretjnoll percentage values, were

calculated using two simultancous equations (Hubbard cf. al., 1971).

Dynamics of visual pigment changes

Two hu%&red and %orty rainbow ktrout (mean body weight, 33 g) were
obtained form Allen's trout farm in Calgary (Albéfta) in the fall, 1976.
Upen arvival, they were divided into three groups of 80 each and subjected

: . , &
to the following‘light and temperature regimes for 45 days: 24L, 6PC
{(group A);'lZL/lZD, 129¢ (group B) aﬁd 24D, 180¢ (group C); When the
experiment began, half of the fish from each gfoup were subjected to 24L,
69C and the othér half to 24D, 18%C. Five fish from e;ch subgroup‘(i‘e.
a.Fotal of six subgroﬁps) were sampled on déys 0, 10, 20, 30, 40, 60‘and
80. Groups held under 24D, 139 experienced some mortality resulting in
early terminations of samplings. Fish were not fed during these and sub-
seduent cxperiments. They were fed with commercial trout.food in the

holding period (EWOS pellets, Astra Chemicals Ltd., Ontario).

to maximizing pigment yield due to visual pigment regeneration in the dark.

-~



Sténdy—st;ggl'visuql piﬂmvnt‘comnnsitiqgg

Two hundred and [ifty rainbow trout (mcan body weight, 28 .¢) were
obtained from Sam Livingstoh Trout Hatchery in Calgaty (Albcrtajlin the
sumer of 1977. After a month in an indoor holding tank (iOOC, room
light), they kmeun=403 porphyropsin, ﬂ=22) were divided into 11 greoups
and subjected to d;ffgrent light aéd temperature regimes for a period of
60 days. These conditions were: 24L, iZOC; 24L, 18%; 12L/12p, 60c;
12t/120, 1295 12u/120, 18%; GL/iBD, 6%9c; 5L/18p, 12°C; 6L/18D, 180cC;
24D, 6OC; 24D, 1209¢ and 24D, 180%¢. Unfortunately; the failure of a ;elay
on the 47t day of the éxperimunt resulted in a decrc#se‘in the tehpgra—
ture on one tank (6L/18D, 129C). e results of this ﬁrou; are conse-
quently no§ reported. ,

In the winter of 1973, some fifty rainbow trout of similar bcedy
size (mean hody weight, 45 gm)' and initial visual pigment composition
(45.5% porphyropsin, n=12) were used to repeat the 6L/18D, £30¢ group
‘wiéh three additional groups added to complete this study (18L/6D, 69¢C;
18L/6D, %ZOC and lSL/6D,'léOC).. These trout‘were-obtained from Four
Springs Trout Ranch at Bluffﬁon (Alberta).

v

Statistical analysis _ . . .

Employing either the Student's T test or the analysis of variance,

differences at the 5% level are recognized as significant.
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Results

Drfiemics of visual pirment changes
After 45 days of pretreatment, groups A (24L, QOC),‘ﬁ (12L/12Dp,

lZOC) and C (24D, 189¢) nad different initial porphyropsin proportions

(A, 83.42; B, 67.8%; C, 16.5%, vrig. 1, sée also Appendix 1). When these

fish were placed in 24L-at 60, visual pigment ratios of~groups B and C

tish gradually me%ged into a'stablized btﬂady state. C;0up C fish

shifted their visual pigment compositicn towa;dé predominately o
‘borphyropsfﬂ\pt a much faster rate than those of group B.v This
Jreshlt;d in the almost simultaneous attainment of stead?—State in both

groups-within 50~40 days in their new environment. The change in

.
-~

porphyropsin proportions was not constdnt with time. In fact, it
decreased as.the visuql pigment“compoéition approachéd steady—state.
This is clearly dgmonstrated in group C fish where the %ncreasés
were 43 molatv percent from day 0 to 10, 20 molar percent from day 10
to 20 and 13 molar percent from day 20 to 30. )

When fish were held under 24D at 18%¢, the;Qisuul pigment

S

compositions of groups A andkﬁ moved towards a steady-state in.a
similar fashion as deécribed earligr for groupévB and C held in 24L,
69¢C. Unfortunafely, mortality aésociated wi&h holding fish in constant )
darkness (24D) resulted in earlier termlnatlon of sampllngb (Fig. 1).
The levellng off of porphynpp81n proportions of group A fish after the
20th day of experiment may be’ ‘due to a failure of a relay resulting in
ﬂaNZQ hour temperaturg decrease.  The results from group B 1 .,
neveréﬁéiess, indicated that a steady-state was attained at a period of-

v

40-50 dayb of acclimation (Fig. l). s

.



Fig. 1.

Dynamics of wvisual pigment change in rainbow trout

Pretreatment consisted of conditioning three groups of fish
(80 each) to three light and temperature regimes for 45 .
days (24L, 69C, group A; 121/12d, 129C, group B and 24D, 189
group C). When the cxperiment began, half of each of groups
A, B and C were subjected to 24L, 69C and the other half, to
24D,\l80C. Regular sampling involved five fish per group
unless otherwise indicated in the figure. Dotted, broken

and solid lines respectively join results from groups A, B
and C. Means* 1 S.E. are indicated.

3
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Since steady-state is established within 30-50 days of ’
acclimation and both groups A (iu 241, 6OC) and C (in 24D, 187%C) lad
been in their rvespective conditions for 45 dqys before the experiment
began, their visual pigment compositions were likely at steady-state
at the start of the experiment. Their porphyropsin proporfiuns during

the experiment, hence allow an assessment of the 'stability' of these

' steady-states. . Both groups A (in 24L, 600) and C (in 24D, 180C)

Eclearly deronstrated that their visual pigment Compo,JtLonq remained
virtually dnchanged throughout their respective’ 80 and 40 days of the

experiment (Fig.l).

Steady~state visual pigment com pOSLtLOHS

From the prev1ous oxperlment it is concluded that the change of
visual pigment composition in rainbow trout is not constant with time.-

This implies that a shifting, instead of a steady-state, visual pipment

composition may be a less reliable index to estimate the effect of

light and temperature: Cénséqﬁéhtly,;pbrphyropsinfﬁatfos'ofutrout“

held under 15 dlffercnt reglmeq Eor 60 days (1 e.,_as';’urvun'7 qteady—

state is reached and m11nt41ned wlthln 60 days of acclimation) were

-determined in an attempt. to elucidate the light and temperature ef-fects

on thé visual pigment composition in rainbow trout.

. The manipulation of light and temperature resulted in a wide
range of porphyropsin percentages (Fig. 2a and b, 13% in 24D, 80C
to 9ZZ in 24L, 60C, see aléomARpendix 2). Lower water tomp@ratures

R ShE At . . . .

(6OC lZOC) in comparlson to h:gher temperatures (12 c, 1800) were

con31stently associated with higher porphyropsln proportlons at

_‘each of the llght COHstlOHS (i.e., 24L, 18L, 12L 6L and 24D, Fig. 2a).

21



Fig. 2

Steady-state visual pigment composition of rainbow trout in
relation to a) photoperiod and b) temperature.

Means +# 1 S. E. were obtained from trout acclimated for 60
days under the indicated regimes. Open circles, filled circles

~and crosses represent results from experiments performed in the

fall, 1976; summer, 1977 and winter, 1978. Sample size per group
is indicated in the figure. : .




Molar % Porphyropsin at 60th Day

100

80

60

40

20

18L/6D
Photoperiod '

, 15
o~
B 6°C__,
/'
12 +
18
|
. 12°C_~] ¢
/9 20
x~
o 1
18°c '°
___1l3 L -
?+-
29
S L | ] ]
24D 6L/18D 12L/12D 24L

23



24

T T S S e ST A

PR

- :v Tem pe.ra'tu‘re" QG" . )

100~

Ae@ Y109 e uisdoiAydiod % Jejop



et

.. .25.

At any one.ot'these temperatures (i.e. 69c, 120¢ and 180¢), an

incérease in- the length of the llght period always resulted in an’

" increase in porphyr0p51n ratios (Fig 2b) In some 1nstances the .

porphyrop31n proportlons appeared to be dlrectly related to the -

' length of llght perlod (from 24D to 241, at lZOC and 18 C, Fig. 2a)

and to temperature (at 241 and 18L, from 69C to 180¢c, Fig. 2b).

However, this‘relationship was not observed at a lower temperature

R7

'(at‘60C3/from*24Ditow24E;jFig. 7a) and for shorter photoperlods (at i

;;gThe results from successful determlnaﬁions, however, 1nd1cated thatfx,

‘;ZdL;’6L and;OL, from;GQCTtQJISQQ,ZFig\ Zb}.-'ihe.agreemeﬁtiofﬂresults“

from the experiments carried out in—three different years clearly . L
demonstrated the predietability (results from all groups studied in 5
the winter, 1978 appear to agree with results from groups‘studied
in 1976 and 1977) and reproducibility (results of 24D, 18°C from
the fall, 1976 and the summer, 1977 are similar, Fis. 2;) of the

steady-state visual pigment composition in rainbow trout.

Vitamin A composition in the livers

The environmental .factors did not exert-any significant
influence on.the liver vitamin A composition in trout (see Appendix
1) which had significant difference in visual pigment composition
in response to light and temperature (Fig:(l). hiver samples from

trout (Appendlx 2) were stored for a prolonged perlod of time (up to

several months) and thus experienced some destruction.of;Qitamln'Aﬁ.f;v

L

Aiﬁthere was ho - significant dlfference of 3 dehydrétetlnol percentages in: -

S J B .-

ffllvers amongst treatment groups (see Appendix 2)
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, Discussion

i The visual pigment composition in rainbow trout is determined
vmainiy-by the light and tempefature envitqnment. When the fish
are.transferred to-a new envinonment,”the visual pigment composition'
of the fish will shift to that ﬂottraned by LhL new light and

,Lcmperlture reg This thanwo is likely tomplntcc within the

~f1rst 30-50. diyb, jirres pective‘bf,the magni ude T} the thanoe., This

ié because the rate at whlch v1qud] pigment POmpOJltLOd changts \1rles
iﬁropntttonétely with the amount of change. The fact that the change
‘of porphyvopsin pronortlon; is not constant with time ,u°ne°ts that‘
a stabilized steady-~ ;tate visual plgment comp051tton nay be .
appropriate in the study of light and température effects. The
steady-state visual”pigment compositions show that light and temper-
ature eftects are interdependent (using two-way analysig of variance,
a significant interactibn'was fouud between the two effects) and it is
not likely that any simple equation, employing photoperiod and temper-
ature, can accurately predict porphyrobsin ratios in vainbow trout.
Crlsty (1976) has formulqted an equation to predict visual
pigment compositions in rainbow trout held for 4 weeks in a.given

light intensity and temperature. The equation entails'the use of a

fiwed photoperlod (11. 5L/l7 5D) and a spec1f1c blue ILight source

A-The a%sumptlons on whlch thls equatlon was basud (that the change of

¢v1sual plgment compoqltlon Vb the logarlthmtc change of llght.

intensxty, measureﬂ at_ 120L, is lndependont of “temperature and ‘that

R
L

C.lthg ohange of visual plgncnt CompObltlon vs..the thwngc oE temperature,x

S at a- ll?ht intensity of l 773 K 1013 photons/cm —sec, lq independent offﬂ

v

N



light inteusity), however, "were not exténsiveLy tested. The results
of the present study point out, at least, that the change of the
Steady—state visual pigment composition vs. the chanye of‘tompetaFure
appedr to be depéﬁdcnt on the photopériod (Fig. 2b) and that the
change of fhé steady-state visual pigment compos}tioh Vs, the,ghangé
. of photoperiod appear to be dependent on temperature (Fig..Za). -In
view §f~the appa?eﬁt pradictability “of fesults™in tRe p%égégf.§£;5yv;

) P N ) . N . i i’ )
A(gcc_Rgsults)_qnd,the readily.reproducible,light and,tc%peraCure

envirouments (sec Metﬁod$); the:data prescnted in Fig.:2a and’b may

suggest an alternative for Cristy's equation in the manipulation of
porphyr;psin proportions'in rﬁinbow-ttouﬁ.-"

In an earlicr study, NcFéflanﬂJand'AIlen (1977) reported cEfects
of'light and temperature on the‘visual pigment composition of the
common shinervand the raiﬁgow_trout."They:Qubjeéted thésé animals

to three photoperiecds (241, 12L/12D and 24D) at two different

temperatures (Q.SOC-and léOG),for 2 and 4 weeks. After 4 weeks of = '

acclimation, groups of trout (éﬁd‘shinefs) héid;étfthé ibﬁgf\_}"
temperature (4.50C)Adid not have sigu{ficant differences in their
porphyropsin percentages, irrespective of the different light
treatments (Fig. la and'b, McFarland and Allen, 1977;.'Tr§ut

held in a higher tempergtu%e (149C) had lgwer porphyropsin levels

in comparison to tho§e held at 4.50C, in agreement with results of
the present stuéy. At 140C, rainbow trout held under.IZL/;ZD and
24D appeared Eo héve~éomparable porphyropsin levels which were

lower than‘ghoéeAhéld under 24L (Fig. la, McFaflandbénd Allen, 1977).
On.the other hanq,fcommonxshinéqs held at 149C under 12L/12D had

porﬁh&fobgiﬁlléQeléJgigﬁifitéﬁgfy lqwef than those hgldia;»ZQL and;

PN e
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' ZGD‘(Fig;aib;'McFatlana and'éllen;;l§77):‘>ﬁasea“on‘these'tesults{;
they concluded that 'in cyclic lignt, both species“nchleued their
. highest and theirrlowest‘porphyropsln lcuels'(Fig, 1).' . This
conclusion appears ‘inappropriate for rainbow trout based not only
on their own results (Fig. la, McFarland and Allen, 1977) but also
on the results of the present study (Flg 2), although nhc present
study employed a dlfferent llvht source (fluotescent tubes) than the
tungsten llght used in thelr experiments (see Appendix 8 fot the
:t;difference in light’quallty of thevtwo.llght.sources). Thls
differénce'in llght quality, in addition to a difference in light
intensity Between;thejpresent study (1.8 X 105 photons/cmz—sec,
400-750 nm) and. their study (1.6 X 10'"* photons/cm?-sec, 400-700 nm)
may be responsible1 for the relatively low levels of porphyropsin
in their rainbow trout (less than 50% porphyropsin) held at a low
temperature (4.59C) and under a long photoperiod (24L) (see Fig. 2a
- In addltlon to the llght and temperature factors, several
hormoneS»(thyroxine, T4, tti-iodothyronine, T3, bovine TSH and
ovine prolactin).have also been shown to be effective in'changing the
proportions of rhodopsin and porphyropsin'in fishes-(Munz and
Swansot, - 1965; Beatty, 1969b, 1972; Allen, 1971, 1977; Jacquest and
Beatty, 1972; Cristy,-1974; Tsin and Beatty, 1977b; McFarland and

‘:Allen; 1977). _Consequently,‘an'envlfonmental parameter (such as *

1 Crlsty (1976) reported that an increase in the light intensity

" renulted in an increase in porphyropsin levels in rainbow trout.



‘temperature) may have affected visual pigmeht eomposition via the
hypothalﬂmue pltultary thyr01d axis (for the p0551ble relationship-

"‘of;temperature and thyr01d act1v1ty in’ flShEb, see rev;ews of Gor;man,
1969; Etklnland Gona, 1974).- In earlier studies; both f31n ana
Beatty (1977b) and Allen (1977), using tetralute kits (Ames Co.),
\‘measured T4 levels in the blood of T4 treated rainbow trout and
rainbow trout held under different light‘and tempetatute:reglmes;
Although the exogenous Té& induced significantly higher levels of
both ciiculét&f& T4 and bfoportions of porphyropsin, the blood T4\
) levels did not correlete to the levels of porphyrepsin in fish held =
under‘different light ana temperature environments (Tsin and Beatty,
1977b; Allen, 1977). |
Whether“or not light and. temperature effects are mediated through
,hormonal*mechenism;"their effects on the visuel_p;gment composition in
‘trout are‘apparent Paired visual pigment fishes have been teported :
‘to-exhibit changes in Vlsual plgment comp051t10n in. thelr natural
'habitats (forv;etlew; see- Beatty, l975a) " The present study revealsv‘
two fundamental factors which may induce visual pigment conversion
"teking piace in changing light and temperetﬁre envireﬁmedts. Further
studies on the influence of liéht intensity, light quality and other
factors (such as salinity and sexual maturation) may eventually lead
' to the understanding ef the phyeiological and eeqlogical significance
of.visual pigment changes in paired viseal'pigment species.
The ability to manipulate visual pigment eemposition employing. -~
appropriate light and temperature regimes prpvides an opportunity to

investigate the mechanism involved in visual pigment conversion in

pairea visualﬁpigment_fishes.‘ This relates especially to the role
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‘playea_bi the‘pigment_epithelium which lies adjacent to the
phoforeceptpr outer segments_&here Visual_pigment changes occur.
Unfortunately, rainbow trout do not possess sufficient viﬁamin A in
their pfgmeht epithélium'for anaiysis. The fact that vitamin A
icompositigns iq‘the liver; were not affected by light and temperature
vinfiﬁenéé suggest; a ﬁofe'éompléxﬂrbié.éf-the’iiQéflig fﬁé st;raéé ana
. o :

supply of prosthetic groups for pigment synthesis in the retinas.
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CHAPTER III
VISUAL PIGMENTS AND VITAMINS A IN GOLDFISH

-~

Introduction
In an extensive survey on visual pigments of fresh water fishes,
Schwanzara (1967) reported that goldfish, Carassius auratus, possess
a single scotopic visual pigment: a porphyropsin with an absorbance
maximum at 522 nm. Liebman (1972), using microspectrophotometry,
has also confirmed the presence of a nisual pigment with \max at 522
nm in goldfish rods. Subsequently, Bgidges (1973, 1975) concluded
"that goldflsh retinas contain: only porphyrop51n and the pigment
‘eplthelium, only v1tam1n A2 l In addition, several investigators
(Liebman and Entine, 1964; Marks, 1965; Harosi and MacNichol, 1974
.Stell and Hareei, 1976) have® shown that goldflsh have three separate
eone nigments and Harosi and MacNichol (1974) have indicated tha;
the progthetlc group fer these pigments is 3- dehydroretinal.f
Consequently, it has generally been accepted that goldfish have rod and
eone pigmente based sdlely on 3-dehydroretinal.
The eardier study on rainbow trout (Chapter TI) shows that

the v1sual pigment comp051t10nbin a paired pigment animal can be
predictably manipulated using light and temperature. Assuming that
goldfish is also a paired visual pigment@fishl, the rhodopsin/
porphyropsin ratio in this animal may also respond to env1ronmental

treatments Since higher water temperature always favors higher

1 see Rhodopsin in Grassyfork Goldfish in Methods for the basis of
this assumption. 3
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rhodepsin proportions in paired pigment fishes, irrespective of the
animals Yesponse to light. by an increase or a decrease of porphyropsin
pfoportions (Allen and MeFarland, 1973; Cristy, 19745 Tsin, 1976;
Tsin and Beatty, 1977a, McFarland aod Allen, 1977), it would be of
interest to see if a deoectablo'proportion of rhodopsin can be
"induced' by subjecting zoldfish to a high water temperature (2800)
at on arbitrarily choson photoperiod (16L/8D) ond light intensity
(see Methods, for'detwilsj. This‘nssumption was fully confirmed in
an experiment in the goldfish visualjsystem (Twin ond Beatty, 1978,
see also Mothods) showing that goldfish is a paired pigment species
Possessing .a porphyropsin (loax=)22 nn) and a rhodopsin (xmax=499 nm) .

Additional experiments on the goldfish visoal system showed
that _Che rolati:e proportion of rhodopsin and porphyropsin in the

e oA .

retina of goldfig% can be altered by photoperioq,‘light intensity,
temperature and exogenous thyroxine. By employing an optimal
photoperiod, an optimal lighﬁ\intonsityl and a high water temperature,
the visual pigment composition in the goldfish retina may change from
predominately porphyropsin‘to predominateiy rhodopsin in 50 days.

The pigment cpithelia of these goldfish were always high in 3-

dehydroretinol proportions irrespective of the visual pigment

composition in the retina. Serial - sampling of goldfish over a

long period indicated that although the goldfish retina may

accomplish an almost complete turnover from pofphyropsiﬁ to rhodopsin

Tungsten light bulbs were used in this study becausc the light
intensity delivered by this light source can be conveniently
manipulated using different size light bulbs (i.e. 7.5W, 15W, 60w
etc.) or by dimming with a rheostat. The difference between the
qualityuof light from a tungsten and a fluorescent source is
explained in Appendix 8.

9%
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in about 50 days, replagement of 3—dehydroretindl by retinol in 1
the pigment epitﬁeliﬁm ma& require up to 600 days. The relative
availability of the two stored vitamins A in the pigment epithelium,
therefore, does‘not determine thg bisual pigment compositién in thé
retinas .as sugges;ed by previous investigators (Reuter et. al., 1971; \\

Bridges and Yoshikami, 1970b). \\



< - ‘ 7 Materials and Methods

Light and temperature control

The.controlled light dnd témperaturé regimes were similar to

“those described ‘earlier (Chapter II). All wooden lids housed on top

of the rectangular fiBerglass tanké (126 liter capacity, see Chapter
IT) were painted black on the inside. The photope;iod was’cogxéoiied
by an automatic timer. ‘The light intensity was manipulated by using
different size'incandescent~light bulbs (i.e. 7.5W, 15W and 60W)
located at the ceiling of the lid (the light bulb was approximately
30-35 cm from wate; surface). Light intensity was measured from 400

nm-750 nm using the remote probe of a spectroradiometer (ISCO). The

-water temperature was controlled by a thermoregulator in combination

with a relay connected to solenoids on the warm or cold temperature
inlets as previously described (Chapter II). Dechlorinated water

constantly flowed into the tank and air was constantly bubbled through

the water. The temperature of the static water (for thyroxine

‘

treatment, see later paragraphs) was controlled by running temperature
controlled water through an enclosed stainless steel coil immersed
into the tank. Animals were fed daily with commercial fish food

(EWOS pellets, Astra Chemicals Ltd., Ontario).

Analysis of visual pigments and vitamin A

The aﬁalysis of viéual.pigments followed a standard procedure

(see Chapter II). The eyes of an individual were always removed at

the end of the dark phase of the light-dark cycle (for the constantly

illuminated group, after a dark adaptation period of two hours).

.
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The two retinas of an individual were combined to prepare the 0.5 ml
digitonin extract. Fach extract was totally bDleached with ten minutes

exposure to an orange light (610 nmm), except as otherwise indicated.

- Phe relative porphyropsin percentapge derived from the total difference

spectrum was converted to the molar porphyropsin percentage using

values of 40600 and 30000 as molar extinction coefficients for
rhbdopsin.and porphyropsin respectively (Hubbard et. al., 1971).

The vitamin A in the pigment epithelium was extracted and
saponified following the procedures of Bridges (1975). 1In essence,
the tissues were freeze~dried overnight and extracted‘with petroleum
cther (B.P. 37w4—58.800)P(2 pogtions of 3 ml each), whigh was then
dried Qnde; oxygen-free dried nitrogen. The residue was saponified
for 20 min. at $5°C in 4 ml of 0.33M KOH in 94% ethanol. After
chilling in ice, a small amount of distilled water was added and the
mixture was extracted with petroleum ether (2 portions of 10 ml each).
The petroleum ether extract was then washed with distilled water (3
portions of 10 ml each) and dried over anhydrous sodium gulfate.

After cvaporation under nitrogen and reconstitution to 1 ml in

chloroform, 10 ul of the sample were added to 1 ml saturated SbClj

containing 50 ul of acetic anhydride for the colorimetric analysis

of the two vitamins A (for the Carr-Price procedﬁres, see Hubbard et.

al., 1971). The relative proportions of the two vitamins were

‘calculated using simultdneous equations (Hubbard et. «l., 1971).

- The liver vitamin A was saponified, extracted and analysed in a

similar way as described previously (Chapter TI).

.
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Rhodopsin in Grassyfork Goldfish -

Two year old comet goldfi;h (24-45 gm) were obtained from
Grassyfork Fisheries (Martin;ville, Indiana 46151, U.S.A.) in
'Novémbeg,‘1977.’ Accord?ngntp the supplier, these fish were. from a .
homogenous group derived from an'inline breed;ng érééfam. The& Qere
hatched, grown and maintained in ou;door ponds (under natural
photoperiod) with water temperatures ranging from 30°C in the summer
to less than 49C in the winter (under-ice cover). On arrival, the
fish were in 120C water.

Visual pigment extracts from ten goldfish sampled upon arrival
contained a porphyropsin of Amax=522 nm (Fig. 3), in agreement wiLh
previous studies (Schwanzara, 1967; Liebman, -1972). There was,
however an indiéation of a small amount of another visual pigment
with maximun absorbance neér 500 nm, suggestive of a rhodopsin. 1In
the earlier study on rainbow trout, an increase of rhodopsin pro-
portion was induced by warmer temperatures (Chapter II). Consequently,
a group of twelve-géldfish were subjected to'a temperature of 280C
and a photoperiod of 16L/8D (under a 60W tungsten bulb, 70 cm above
the water surface) in a 250 1, aquamarine, fiberglass holding tank.
Fish were sampled on the 30tR and 36thdays.

Partial bleaching experimeﬁté on the visual pigment extracfs
from these fish revealed that the proportion of the second pigment
had increased relative to that of the porphyropsin. The différence‘
spectra from the final bleach with 61Q nm light, wpen re-scaled to
a percentage of each difference spectrum's maximum absorbance change,
were.a set of congruent curves with Amax at 499 nm and an oxime

photoproduct with maximum absorbance at 368 nm, indicating_that
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Fig. 3 Difference spéctra,,measured in the presence of hydroxylamine,

of rhodopsin (Amax=499 m) and porphyropsin (Amax=522 nm)
in the goldfish. . :

The bleaching protocol consisted of an initial one minute
exposure to 675 nm light, a 4 minute expcsure to 660 nm light
and a final 10 minute exposure to 610 nm light. The curve for
pigment 522 is the mean-result from the initial bleaching '
(675 nm light) of three extracts from fish having more than
90% porphyropsin. The photoproduct with Xmaxﬂat 386 mm is
indicative of 3-dehydroretinal oxime, thus pigment 522 is

a porphyropsin. The curve for pigment 499 is the mean result
from the final bleaching (610 nm light)- of three extracts

from fish having less than 40% porphyropsin. The photoproduct
with Mmax at 368 mm is indicative of retinal oxime, thus
pigment-499 is a rhodopsin. The open and filled circles,
respectively represent the theoretical difference spectrum

for a porphyropsin with Amax at 522 nm (nomogram of Munz and
Schwanzara, 1967, for porphyropsins) and the theoretical
absorbance spectrum for a rhodopsin with Amax at 499 nm
(revised nomogram of Dartnall for rhodopsin, Wyszecki and
Stileg, 1967).
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- evidence that Grassyfork goldfish<posscS$ a' rhodopsin with an.

3"‘

‘retigal is the prosthetic group (Hubbard ot. «l., 197L) and that the

‘sccond visual pigment is a rhodopsin (Fig. 3). This is clear

~absarbance maximum at 499 nm. : S T o

To further substantiate ‘the Xmax~of'thc:gdldfisﬁ‘rHoﬁ&@sin: ’
the equation of Dartnall and Lythgoe (1965) predicts that xmax for a
rhodopsin, having the same opsin as a porphyropsin with lmax at 522 nm,

is at 499 nm. Carr-Price tests (Hubbard ef. al., 1971) on saponified =

-pigment epithelium and bleached retinas trom the goldfish held at

289G “(161./8D) provided distinct peaks at 616 um and 690 nm, indicating

the presence of both retinol and”3-dehydroretinol in the eye tissue..

The pure dif{ference spectra of the two pigments (Fig. 3) were used to

-

- construct a series of intermediate curves representing various mixtures

(Munz and Beatty, 1965). Using these curves, the relative”proporbion
of the two pigments was estimated for individual fish. All fish

sampled on arrival had in‘excess of 85% porphyropsin (mean, 90.8%,

n=lé) whereas all fish held at 289C for 30-36 days had less than

70% porphyropsin (mean, 48.7%, n=12) with six having less than 50%.

Effect of photoperiod, light intensity and temperature

Goldfish were obtained from Grassyfork Fisheries in April, 1978.

. Upon arrival, ten fish (mean body weight, 45 gm) were analysed for

a-

" visual pigment composition in the retina (93.37% porphyropsin) - and

vitamin A composition in the pigment epithelium (88.7% 3- o L N

_ dehydroretinol). The remainder was then divided into nine groups of

13 fish each and subjected to the following photoperiod, light

intensity, and temperature condition for 50 days: 24L, 7.5W, 300¢;



“16L/8D, 7.5, 30°C; 8L/16D, 7.5, 300C; 24D, 300C; 16L/8D, dimmed :* -

7.54, 300C; 16L/8D, two 15W, 30°C; 16L/8D, two 60W, 30°C; 16L/8D,

~7.%y, 20%c; 16L/8D, 7;5w, 10%c. The light intensities of’these

bulbs were (as measured at water surface with e spectroraoiomefer
soanning from 400~750 nm):'7.5W "6.0°X 1013 photoﬁs/cmz—sec; two 1SW, -
45 0 X lOll+ photons/cm —sec, two 60W bulbs, 2 4 X 1015 photons/cm ~sec -

and the dlmmed 7.5W bulb 5.9 X 1012 photons/cm -sec (see Appendlx 8)

thfect‘ofmexogenous thyroxine

Goldfish were obtained'from a-secoﬁd“eopolier (Hargz Mountain
Pet Supplies) in Calgary (Alberta) in April, 1978. The supplier
certified that they had recently obtained these fish from Ozark

_ - p
Fisheries in Stoutiand ‘Missouri 65567' Partial bleachlng experiments
conflrmed that these goldflsh possess a porphyrop51n with a Amax
at 522 nm and a.rhodopsin with a Amax at 499 nm, in agreement with
the Valoes for goldfish from Grassyfork Fisheries.

~ Upon arrival, ten goldfish were analysed for visual pigment compo-

sition in their retines (86.67% porphyropsin) and vitamin Avcomposition
in their pigment epithelium (91.8% 3-dehydroretinol). The remainder
were placed in two holdiné tanks (100 liter capacity, fiberglass tanks
without wooden Iids) hav1ng a7. SW bulb projecting 40 cm overhead
and a photoperiod of 16L/8D at 280C. After 29 days of acclimation,
four fish from each tank were analysed for visual pigment composition
by partial bleaching experiments (38;OZ/porphyropsin;'n=8). No
significaot-differenee‘in visual pigment composition was found between
fish from the two holding tanke. The percentages of 3-dehydroretinol

in the pigment epithelium of these fish, unfortunately, were not

5
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meazured dueé to a failure of the freeze~dryer.

Thyroxinc,treatmen& COmﬁenced on tﬁc 30th day of acclimation.
L-thyroxine (Sisma Chemicals), disgol&ed in a émall amount of 0.1M
NaOll, was introduced to the static.tank water at a concenpratioh of

100 ug L—thyroxine‘pef liter. Half of the tank water.of both

control and treatment tanks was drained and replenished with Jdechlor-

inated watef‘(ZSOG) every other day withuSufficient”Lrthyroxfne added

to the treatment tank to provide a concentration of 100 ng per liter.

Goldfish were sampled on the 10tP and 2gth days of treatment.

.

R B .

‘Tffect of long term acclimation

Goldfish from Grassyfork Fisheries were placed in a holding
tank (without a wooden 1lid on top) with a 15W lisgght bulb projecting
overhead at a photoperiod of 16L/8D and water temperature of 280¢.

These golﬁfish were saﬁ!led at days 0, 50, 150, and 300.
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Results

Effect of photoperiod, light idtensigzrand temperature on visual

pigment composition (Crassyfork Coldfish)
The effects of pﬁotope;iod, light intensity and temperatu

on the visual ﬁigment co%position are'summ;rized in Fig. 45, b
¢ (Appendix 3). At 30°C and at a light intensity of 6.0 X 10/
' photons/cmé—séc,.466—750 nm.(i.e. by a 7.5W light bulb), thos
in 24L, 8L/16D and 24D had high porphyropsin proportions (90.5%
84,6%1and 88.5% respecéively, whereas those in 16L/8D had high
rhoddgéin préportions (99.2%, Fig. 4a). The 16L/8D photoperiod
the specified temperature and light intenéity) therefére app;;}s to be
an optimum condition in the conversion of’visual pigments from
.predominately porphyropsin to mostly rhodopsin.

| At a photoperiod of 16L/8D (at 30°C), the increase or decrease
of light iqtensity from 6.0 X 1013 photons/cm?- sec, 400-750 nm
(i.e. by & 7.5W light Bﬁlbj resulted in incféases'in the porphyropsiﬁ
proportions (Fig. 4b). The light intgnsity provided by a 7.5W light
bulb (at a photoperiod of 16L/8D and at 30°C), therefore appears to
be an optimum light intensity favoring rhodopsin. ~ Above the light
intensity of 6.0 X 1013 photons/cm?-sec, 400-750 nm, the relétionship_
of molar percent porphyéopsin versus log photons/cm2~sec, 400-750 nm
appeared linear (Fig. Ab)f

| Under an intensity of 6.0 X 1013-photons/cm2—sec (i.e. by a
7.5W light bulb) and at a photoperiod of 16L/8D, both 10%C and 20°cC

favored predominately porphyropsin whereas at 300C,‘rhodopsin

predominated (Fig. 4c). During pigment analysis, it was noted that

¢



' Fig.

" ‘The effects of a) photoperiod b) light intensity and c)

temperature on the visual pigment composition in goldfish.
- &
Upon arrivél/from Grassyfork Fisheries, they had 93.3%
porphyropsin (n—lO) ‘ Thirteen fish each were placed into nine
photoperiod, llght intensity, temperature regimes (see Mcthods)

and the visual pigments were analysed on the 50th day of

acclimation. The meanst 1 S.E. are indicated in the figure.
All goldfish in a) were held at 300C under a 7.5W light hulb
(6.0 X 10!3 photons/cm?-sec, 400-750 nm); those in b) were
held in 300C at a photoperiod of 16L/8D; those in c) were
held at a photoperiod of 16L/8D delivered by a 7.5W light
bulb. The dashed line in c¢) represents the change in optical
density of visual pigment extracts from 1nd1J1dua1 fish held
at different temperatures.
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lower amounts of total visual pigment (based on absorbance units)

were extracted from the lower temperature groups (Fig, 4c). Even
[ ) Y . ,
though porphyropsin has a mblar extinction coefficient about 75%

of that of rhodopsin (sece Methods),‘the'loweég tempetatgre,group
(i.é. 10%¢ havingnpredominitéi;.porphyrdpsin) possessed only about
one third the amount of visﬁgl"pigmenté in their retinas asltﬂat of
the‘highest temperature gfoup (k.e. 300C, having predomiﬁqtely
rh;dopsin). Thus this decrease cannot be attributed solely to an

equimolar replacement of rhodopsin by prophyropsin but must be

related to an absolute change in the total amount of visual pigment

3
’

in the photoreceptor cells. %,

a

Effect of exogenous thyroxine on visual pigment composition

(Ozark Goldfish)

Ozark goldfish exposed to a 7.5W bulb at a photoperiod of
16L/8D at 289C for 29 days also exhibited a 'decrease in the
perdedtages of porphyropsin similar to Crassyfork fish (see Methods

or legend of Fig. 5). Thyroxine treatment at a concentration of 100

Mg L-thyroxine per liter tank water caused ‘significant increases in

the proportions of porphyropsin at both the 1oth and 20th days of
treatment (Fig. 5, Appendix 4) in comparison to controls. The

relatively stable visual pigment compositioné of the control groups

stggest that in the goldfish a steady-state visual pigment cor osition

(analgous to the steady-state visual pigment compu. “ion in trout)

f’iﬂ;;y also require 30-50 days to establish (see Chap I1).

e

.
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Fig. 5 Effect of exogenous thyroxine on the visual pigment composition
in goldfish. ‘

Goldfish were obtained from Hartz Mountain Pet Supplies
(which cbtained their goldfish only from Ozark Fisheries).
After holding for 29 days at 28°C under a 7.5y light bulb
at a photoperiod gfq16L/8D, their visual pigment composition
changed from 86.6% porphyropsin (n=10, upon arrival) to
38.0% porphyropsin (n=8). Thyroxine treatment (L-thyroxine
introduced to the tank at a concentration of 100 ug per
liter tank'water) commenced on the 30th day after arrival
(Day OI; with no change in the light and temperature regime.
Megp + 1 S.ET (sample size) are indicated in the Figure.
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Vitamin A composition_in the pimment epithelium of goldfish

-

, Although light, tewperaturc (Fig. 4) and thyroﬁine (Fig. 5)
treatments resulted in larée changes in the visual pigment compositions
in the retinés of the goldfi:h, the percentages of 3-dehydroretinol
in the pigwent epithelium of these fish remained high (more tﬁan»80%)
(Fig. 6, Appendices 3 & 4). The molar porphyropsin percentages did
not mirroc'ﬁﬁe 3rdehydroretinol percentages in the pigment epithelium
(Fig. 6), aithough there is a clear indication tﬁat lower 3-
idehydroretinol prepertions in the pigment epithelium were associated
with rhodopsin-rich retinas (Fig. 6).

Long term conditioning of.goldfish to a iSW bulb av a photoperiod
of 16L/8D at 28bC cffectively lowered both porphyropsin ratios in the
retinas and 3-dehyroretinol proportioﬁs in the pigment epithelium
(Fig. 7, AppendiXVS). This decrease in 3-dehydroretinol percentages
appeared also to be directly related with time. ﬁxtrapolation of
results suggests that the viﬁamin A composition in the pigment. -
epithelium may match the visual pigment composition in the retina
at approximétely 600 days of acclimation under these light and

temperature conditions (Fig. 7).



Fig. 6

The vitamin A composition in the saponified pigment epithelium

in relation to the wvisual pigment composition in the retina
in goldfish treated with light, temperature and thyroxine.

. » ' ‘
The data represent results from some 150 individuals used in

.Fig. 4 and 5 to test the effects of!light, temperature and

thyroxine. Filled circles represent means frem.thyroxine
treated groups (Fig. 5) and open circles are means for others
(Fig. 4a, b & ¢ and controls of Fig. 5). Means* 1 S.E.

are indicated in the Figure. Sample size was.l3 per group
unless otherwise indicated. The left insert represents the
SbCl; absorbance spectrum for the extract of the pigment
epithelium (78.8% 3-dehydroretinol) from a fish having
rhodopsin rich retinas (907 rhodopsin). The right insert
represents the SbCls absorbance spectrum_of the pigment
epithelium (99.5% 3-dehydroretinol) from a fish having
pqrphyropsinarich retinas (90% porphyropsin).
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Fig. 7

14

.The effect of long term acclimation (favoring rhodopsin rich

retinas) on the vitamin A composition in the pigment
epithelium of the goldfish.

Grassyfork goldfish were held in the holding tank (15w,
16L/8D, 289C) for a long period of up to 300 days. Means

1 S.E. (sample size) from serial samplings are indicated

in the Figure. Open circles represent visual pigment
composition in the retina and filled circles represent vitamin
A composition in the saponified pigment_epithelium, Dashed
lines are extrapolations.
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A . Discussion
‘?@@ Th{é_etuéégigﬁﬁhéufi;st to demonstrate the presence of goldfieh
r#odopsin which is not restricted to a population from a single
suppller (Grassyfork Fiehefies), as T have also detected it in
goldfish from Ozark P‘EﬁéfiesﬂJ Although previous” tudies (Schwanzaga,
. \,_.j* - ; .
1967 Bridges, 1973, 1975) dld not report its presenee, gg 1@ n?ggi
totally surprising that goldflsh can haﬁ% %hodop51n in” a;.much as £
liver possesses a considerable quantity of wetinol (Hata, Hata and
Onishi, 1973; Bridges, 1975; the present study sﬁbws_that the liver
W

3- dehydroretlnol proportions did not bear any correlations to the

porphyropsin proportions in the retinas, see Appendices 3, 4, and 5).

It now seems evident that the formation of relatively large proportions

of rhodobsin in goldfish requires the specific light and‘temperature;
regimes employed, whereaé the previous studies did not uge goldfish
exposed ﬁo'the required light and tempefature combinetion (especiaily
the higher temperature). The ability to form rhodopsin% in a species
previously considered as having only porphyropsin, suggests phat the
tempeFature and light conditions ehould be conéidered in studies
where there is uncertainty whether a single,type\bf scotopic visual
pigment (rhodopsin or porphyropsin) may exist. This would seem to be
expecially relevant when the appropriate carotenoid presursors,
retinol and 3-dehydroretinol are both known to be present in the body
(e.g. in the-liver). An example is the unresolved case of the visual
pigments of the platanna, Xenppus laevis. Dartnall (1956) found
small emounts of rhodopsin in addi;ion to porphyropsin, in adult

platannas which agreed with Wald's (1956) report of small amounts of
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vitamin Aj in addition to vitamin A,, in tpe bleached retinas and. the
pigmént epithelium. Subsequently, Crescitelli (1973) noted the

e .
presence of about 407 rhodopsin in tadpoles and nearly pure

porphyropsin in adults, suggesting a changeover of visual pigments

accompanying metamorphosis but in a direction the reverse of that for
other anurans (for review see Crescitelli, 1972). Bridges (1974)
and<Bridges, Hollyfield, Witkovsky and Gallin (1977) next reported
that both the tadpole and adult stages of the piatauna havé only
porphyropsin but that the adult liver contained 627% retinol (Bridges
et. al., l977?. -Is it possible that the light and temperatqré con-
dition to whiéh Crescitelli exposed his tadpoles favored the

formation of some rhodopsin whereas Bridges' experiments did not? ., -

VR ‘ 5
-It is likely that certain species known'fo possess the appropriate

cafotenoid precursors, retinol and 3-dehydroretinol, may have both
rhedopsin and porphyropsin if’the light and temperature regimes
aré manipulated in a specific way wheréas they may otherwise have
only‘amsingle type of séotopic visual pigmeﬁt.

The initial discovery of the labile nature of scbtopic visual

. i)
. pigments was made on the rudd by Dartnall et. al., (1961). From

this and subsequent studies (Bridges and Yoshikami, 1970a; Muntz and
Northmore, 1971) there is.the_gener%l conclusion that the rudd responds
to decreasing illumination (including constant darkness) by increasing
the proportion of porphyropsin and‘to increasing illumination
(including constant iight) %y increasing the proportion of rho@opsin.

A similar pattern has also been obseryed in the pike killifish,

golden shiner, and common shiner (Bridges, 1964, 1965; Allen and
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McFarland, 1973; McFarland and Allen, 1977). Allen (1971) however

¢ , *
rcpgrted that.in the redside shiner, Llight favors porphyvopsin and
darkness favors rhodOpsin. In addition, ¢n testing the effect of
photoperiod and light intensity,iAllen concluded that for a given
light intemsity, a 120/12D photoperiod was the most eftcctive in
proaoting higher proportions of norphyropsin and that higher light
intensities for-a given Sﬁotoperiod also favored porphyropsiﬁ. A
éimilar offeét of light favoring porphyropsin and darimess rhodopsin,
occurs in rainbow trout and brook trout (Alien et. al., 1973¢
McFarland and Allen, 1977; Cristy, 1976). On thé basis of the
apparent différence in the respomse to light, McFarland and Allen
(1977) concluded that "fishes whose paired pigments are influenced
by light divide into two distinct groups: those that inciease
rhodopsin in light ('rudd' reggonse) and those that increasc porphyrop-
sin in light ("antirudd' response)" (also see Munz and McFa™and, 1977).
These two categories now seem inappropriate because they confuse the
question of tha response to constant darkness and light (not necessdr2
ily photoperiod or intensiﬁy relateQ) with’the response to different
piloteperiods and light intensities. For example, the visual pigment
compos. ion of the goldfish in the present study was, strongly
influence | by light; however, those in 24D, 8L/16D and,24L
maintain: ' high proportions of porphyropsin, thus showing both the
'rudd' 1. ponse (to 24D) and the ”antirudd' response (to 8L/16D and
241) wh. reas those in 16L/8D shifted to predominately rhodopsin
('ru response). Moreover, goldfish at the highesf and lowqég

..nsities had more porphyropsin than ones at an intermediate

intensity giving on the one hand a 'rudd' response (tb low intensity)
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and on the other and 'antirudd' response (to high intensity),
Systematic investigations of the responses of the rudd visual pilgment
system to photoperiod and light intensity have not been done and until
such time it is perhaps premature to use the general response of this
species to light and darkness as the model to which all other paired-
Wigﬁent species are compared. Also, one cannot divorce the/species’
“esponse to a given set of light conditions from the possigle effect of
temperature. |
£
It is tempting to speculate that the incrcase in the proportion
6f rhodopsin’ in goldfish held in a 161./8D phogsPeriod may be related
to disc addition and disc shedding in the rodiéhter segments. Besharse,
".Hollyfieldfand Rayborn (1977) concluded that the maximum rate of disc
addition and shedding in the rod outer segment of Xerxopus tadpoles’
occurs in a light-dark cycle (12L/12D)'in comparison to constant
light or darknéss. It is possible that fhe newly synthesized opsin,
incorporated into the base of the rod outer segment during disc addi-
tion, ma§ preferentially combine with ll—cié retinal to fqrm rhodopsin.
Loew and Dartnall (1976), usigg microspectropliotometry, found that the
base of the rod outer segment of rudd, transferred from 12L/12D tof
continuous light for four Weeks, was richeriin rhodopsin than the

apical end.. This suggests that the increase “in rhodopsin (which

occurs in response to an increased light period in the rudd) results

primarily from the formation of new visupal pigmént during disc

addition to the base of the rod outer segment. Whether light inten-

A .
' gf8ity, in addition to photoperiod, may also have an effect on the" rate
P .0

x%? of disc renewal is not presently known.

%
Ed



Goldfish, which maintained high groportions of porphyropsin at
109¢ and 209C and shifted to.predominatély rhodopsin at 300C (in v
16L/8D cycle), exhibit a response to temperature thét has Been
observed in other species, notably the golden shiner (Allen aqd
McFarland, 1973), common shiner (McFarland and Allen, 1977), and
raiﬁbéw trout>(Cristy, 1976; Tsin and Beatty, 1977; McFarlénd and
Allen; 1977). 1t iseevident however ghat higher temperatures alone
will not promote a shift to rhodop;in as fish held at 300C in 24L,

8L/16D and 24D maintained higﬁ levels of porphyropsin (Fig. 4a).

&
Whether other temperatures at these three light conditions would

have been effective is uncertain; however it is tempting to suggest

that temperatures higher than 309¢ might be, providing the temperature

o

tolerance of the fish is not exceeded. Clearly temperature’ photoper-
iod and light intensity interact in altering visual pigment composition,

: w4
There is no apparent answer regarding the relationship between

S
LEre-.

temperature and significdnﬁ differences in the absorbance values of
the visual pigment extfacfs (Fig. 4c). A change in the amount

of visual pigment,egyld result if there is an increase or a
decrease (Bridﬁ%ﬁ, gﬁllyfield, Besharse and Rayborn, 1976) in the

length of thewsqd outer segment in response to temperature.

>

At the lower temperature (lOOC), the rate of disc addition

at the base of?the rod outer segment may be reduced as Young
(1967) dewmonstrated in Rana pipieﬁs. This reduction could alter the

balance between disc shedding from the tip .of the rod outer segment

and disc addition~resulting in a decrease in the length of rod

7

outer segment. More recently, 0'Day and Young (1979) have reported

vthat.the length of the rod outer segment of goldfish held at 69C for
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two months §as 727 of the‘léngth of those from goldfish at 24°Cf

In addition, they'also notéd some degeneration of rod outer segment
in the 60C fish. The combination of shorter .rod outer segment and
degeneration would explain the redu:tion in Fhe émount of visual
pigment that is,extracted.from goldﬁisﬁ”held at lQOC; On the

other hand, the. larger aﬁoﬁnt of visual pigment iﬁ extracts,froﬁ
zoldfish h;1d ;t 360C coula result from an inc%eage in the length-.

of the rod outer segment feprésenting a reduction in the rate of
odisc shedding and/or an increaséﬂin the rate of disc addition. There

"is no current evidence, howe&er, that this‘occurs in any species in
response to highlte%peratures. Aiternatively, lower temperatures may
reduce thé‘aﬁount of visual pigment that is regenerated during dark
adaptation.

- The treatment of goldfish, pretreated with 16L/8D and 2500 in
ordér to bring about a rhodopsin dominated retina, witl exogenous
thyroxine resulted in a shift back to p?edominotely r-rphyropsin.

; This suggests that thjroxine can reverse the temperature-1licht
 induced increase in_rho&opsin and implies that a neuroendocrine
ﬁechanism méy play an important role in controlling visual pigment
composition (See Beatty,-l975a). Similar effects of thyroxine have
been found in other species (Beatty, 1969a, Allen, 1971; Jacquest and
- Beatty, 1972; Cristy, 1974; McFagiand and Allen, 1977).

There i& a general.assumption, based on a relativel; few”stpdies
(Wald, 1939; Bridges and Yoshikami, 1970b; Reuter et..al., 1971;
Bkldges, 1973 1975 also see McFarland and Allen, 1977) that the
j“j’ﬁ-’--‘ﬁ';:oportlons of vitamin Ay (or retinel) and vitamin A, (or 3-

dehydroretinol) in the pigment epithelium are similar to those of
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rhodopsin and porphyropsin in the retina. The consequence of thisg

is a visdal nigment compesition thaﬁ\is dependent on the aveilability.
of the twovprosthetic groups in the pigment zpithelium (Bridges, 1972)
and from this there is the implicgtion that changes in the ratio of
rhodopsin to porphyropsin are preceeded by appropriate changes in the
ratio of retinol to 3-dehydroretinol in the pigment epithelium. In

the goldfish which has relatively large amounts of caroten01d in the
pigment eptthellum (41 moles of 3-dehydroratinol per mole of -porphyrop-
sin, Bridges, 1975), my results show thaE the pigment epithelium
contained high percentages df'3—dehydrbret;nol (more than 80%, Fig. 6)

even when the retina contained predominately rhodopsin. Thus a shift

from a porphyropsin to a rhodopsin rich retina is not dependent on a

concomitant increase in the. proportion of retigpl in the pigment

'epithelium.

Long term acclimation of goldfish favoring.large proportions of
rhedopsin will decrease the 3~dehydroretinol proportions in the pigment
epithelium (Fig. 7). This suggests that the degree of 'resemblance
between values of 3-dehydroretinol percentages (in the plément epith-
elium) and porphyrop51n percentages ( 1n the retina) is dependent on
the length of accllmatlon of the anlmal The earlier hypdihesis
(Bridges and Yoshikami, 1970b; Reuter et. al., 1971) tnat visual
pigment composition in the retina is reguleted by the relative avail-
ability of vitamins A in the pigment epithelium, therefore needs to
be modified.’

In conclusion, the goldfish represents yet another species with

paired visual pigments, one whose visual pigment system responds to

photoperiod, light intensity and temperature and should prove to be



very useful in further comparative studies on this interesting
phenomenon. It also.§eems evident that one should be careful in
using the overly general terms of 'rudd' and ‘anti-rudd' response
to categorize the more complex responses of a species visuél pigmgnt

system to light (photoperiod_and intensity) and temperature.
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CHAPTER 1V-
VISUAL PIGMENTS AND VITAMINS A IN
BULLFROGS AND LEOPARD FROGS

Introduction

The labile nature of visual pigments in paired pigment animals

: a
is not restricted to fishés because changes in visual pigments

o

have also been reported in tadpoles of certain amphibians. For example,
Bridges (1970, 1974) reported that light, in compariscn to darkness,
favored higher proportiong of porphyropsin in. bullfrog tadpoles

(Rana catesbe%ana), leopard frog tadpoles (Rana pipiené) and bronze

frog tadpoles (Rana clamitans) (Bridges, 1970, 1974). Lower water

temperature also seemed to favor more prphyropéin in the bullfrog »

~

tadpoles held in darkness'(Bridgus, 19745. Wheﬁher light and temper- ~
ature would also affec; the visual pigment composition in any adult
tana species, however is not known at present,

. In an earlier report, Reuter, White and Wald (1971) revealed
thaﬁ winter collected adult bullfrogs poséessed up to 407% porphyropsin
in their retinas, with all of the pofphyropsin/segregated in the-dorsal
‘part. This was in contradiction.to prévious reports’by Wald (1935-6,
37-8, 45-6), Crescitelli (1958) and Wilt (1959) that only rhodopsin}or
retinal based visual pigment(s) occurred in adult bullfreg retinas.
Bridges, (1974) also confirmed.that bullfrogs have porphyropsin
separated into the dorsal (or superiér) seément of £h@

retina, as pointed out by Reuter et. al., (1971). Bownds,

> Y -



héwever, claimed that porphyropsin proportions in bullfrog retinas
did not exceed 15% during several vears of sampling (see discussion
of Bownds et. al., 1974). Could the disagreement in reports by
|

different inveséigators be thevresult of light and Femperature
influences onithe photopignent composition in the adult bullfrog?

This study shows that adult builftpgs can also be induced to'
alter their visual pigment composition in the retina by certain
treatments with light and temperature."The éhangé of Vispal‘pigment
composition in the retina as a whdle, from approximately 50% )
porphyropsin to almost pure rhodopsin is the result of aﬁ almost
complete replacement of porphyropsin ?y rhodopsin. in the” dorsal
retina. The ventral retina remaiﬁs rhodopsin rich despite thé
significant light and temperature influeéce on the dorsal retina.
During the course of this study, it was also noted .that bullfrog
rhodopsin has an absorbance maximum of 499 nm, instead of 509—503
reported by earlier investigators (Wald, 1935-6; Crescitelli, 1958;
Reuter et. ‘al., l97l;j A parallel study on the visual pigments of
the leopard frog (Rana piptens) showed that similar light and temper-
atures (see Methods) did not change the visual pigment composition of
their retinas which contained only rhodopsin. This agréés with
Bridges' finding (Bridges, 19745 thét bullfrogs may constitute an.
exc?ption amongst many frogs (Rana & Hyla spp.) in possessing
borphyropsin in their adult stagé. '
Comparison between the vitamin A proportion in the pigment

S

epithelium1 and the visual pigment composition in the retina of the

1 The pigment epithelium of the bullfrog was not saponified in this
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"bullfrog (leopard frogs do not have gufficient vitamin A iﬁ.their
pigment epithelium for analysis) deicated thag in most cases, the,.
vitamin A, proportion resembled the porphyropsin propor;ion. However
exceptions were found’'in rhodopsin dominated dorsal retinas and in
défsal getinas from frogs kept under constant darkness. In both
instances, vitamin A; proportions in the pigmént epithelium were
significantly higher than porphyropsin proportions in tﬂe_retinas.
These, together with»earliervresults from the goldfish (Chapter III,
see alsé Discussion in thé.present Chapter) sdggest that the relative
proportion of vitamin Ay and vigamin Ao in the pigmeﬁt epithelium does

not determine the visual pigment composition in the retina.

- &

study because saponification (and subsequent washing and reconstitu~-
; tion) may reduce the vitamin A recovery from the bullfrog pigment
epithelium which possesses only small amounts of vitamin A} and A,.
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Materials and Methods

Light and temperature environments

The controlled light and temperature enviroaments have been
described in detail earlier (Tsin, 1976“'see dlSO Chapter I[I)
Dech]orlndted warm (BOOC) or coid (SOC) wvater contlnuou,ly flowed-

Lnto the tank to maintain the desired water Lme cratures (see Tsin,

1976) . Light intensities and photoperiods were dttained by employing

. [
[

tungsten light bulbs (7.5W or two 60W) in connection to automatic
timers. Thé water:level inside the tank was approximately 7 cm deep

so that bullfrogs were.ﬁéstly submerged. Leopavd frogs (a more
terrestrial spedies) Qere only partlf submeréed (water levels about

-3 cm deep). Air tempedature closely resembléd.fhe water temperatUré;
Animals were fed wiﬁh ngse grickets and no mortality occurred during

the experiment.

~Analysis of visual pigment and vitamin A

The eyes of the bullfrog\?ere removed (under dim red light)
’ t
with a pair of enuclgation scissors. Each eye was openead by cutting
aroﬁnd the cornea and the lens was then femoved. The posterior eye
cup was divided‘iﬁto a'dorsal and a yentr;l segment, ghe line of
sectioning being abopt 1 mm dorsal to the opﬁié_nerve stalk (for an
illustration, see Fig. 4 of Reuter et. al., 19715 \The dorval and
& - '

ventral retlnas were then removed from each segment and stored
separately in 4% pot;ssium aluminum sulféte at -209C. The dorsal

and ventral pigment epithelia were also removed and stored in

. phosphate buffer (pH=7.3) for later vitamin A analysis.
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Visual pigment extraction (0.5 ml of 27 dtgitunin).and,analysis
(Beatty, 1969) were performed on individual bullfrog retinai segments.
About 80% of‘all retinal %3ifacts (groups. A-H, see later paragraphs
for details) were analysed by partial bleaching experjﬁent;, cﬁploylng
the bleaching pr toéol of : 1 min} deep red light (675 nm), 4 min.
red light (660 nm) and § min. orange light (610 nm) eéposures. The
remainder of the retinal extracts (groups I-L) werc analysed by
bleaching experiments consisting of one single ten min. exposure t;

" orange light. Differconce spectra derived from partial bleaching
experiments performed on porphyropsin-rich and rhodopsin—r;ch retinal
extracts in combinations with standard Qisual pigment nonograms
(Munz and Swanzafa} 1967; Wyszecki'zzd Stiles, 1967); indicated thuc

- bullfrogs posseés aagérphyropsin {(Amax=522 nm) and a‘rhodopsin (Amax=
499 °'nm). The rhodopsin absorbance maximum was slightiy_iower than
the 500-503 nm previously reported for bullfrog rhodopsin (Wald,
1937-8; Crescitglli, 1958 and Reuter et. al., 1971) and this discrep-
aﬁcy will be discussed iater. The visual pigment composition {molar
perégnt porphyropsin) in each extract was derived following standard
proceduFes (sée Tsin, 1976, "Appendix 2).

The vltamins Ay and Ay were extracged from freeze-dried bullfrog
pigmént epithelium. The léft and right dorsal (or ventral) pigment
~epithelid from4a‘single frog wére pooied and extracted with two 3 ml
portions qf petroleum ether (B.P. 37.4-58.80C) under dim red light
(Kodék Safelight with a Wratten Series 2 Filter). The pooled
petroleum ether was then dried under a stream of oxygen-free dry

nitrogen and the residue redissolved in 1 ml chloroform (under a

40W red bulb iilumination). The liver samples were freeze-dried,
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saponifiad, extracted with ether, dried under nitrogen and redissolve
in chlorofdnnu

The reconstituted vitamin A in chloroform was added (lO—lOéul)
to 1 ml saturated antimony trichloride solution for the Carr-Price
colorimetric detcr@ination for vitamins A (Hubbard, Brown and Bownds,
~"1971). The vitamin Ap proportions were calculated fxom the apsorbance
spectra using simultancous cquations previously developeq'(ﬂubbard o9
et. al., 1971). |

The left and rizght retinas of the leopard frog were pooled to
'prepare the 0.5 ml 2% digitonin extract. The pigment epithelium of
leopard frog did not have sufficient storage vitamin A for analysis. -
The liver vitamin A was analysed using the same method mentioned(above

for the bullfrog. y

Effects of light intensity, photoperiod and temperature on the visual

pigments and vitanins A in the bullfrog

Adult bullfrogs, Rana catesbeiana, were obtained from Ehe.
Canadian Breediﬁg Farm and Laboratories Ltd. in Quebec (Canada). ¥
According to the supplier, these frogs were field—c;llected and held
in outdoor ponds before delivery in Oétbber, l978.. Upon arrival they
“had 38.0% porphyropsin (n¥2) in their whole retinas,(mean body’weight:
192 gm). ' -

A total of 12 light-temperature conditions were tested in this

study. Upon arrival, 16 frogs were equally divided into 8 groups and

conditioned for 40 days (October-December, 1978, groups A-H):/
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18L/6D ' 61./18D
7.5W 2X60W ©7.5W, 2X60W
100¢C 309 100¢ 300¢ 100¢C 300¢ 100¢c 309¢C
A é?% B C. D E - F G H

The two different light intensities, as measured at water surface
employing the remote probe of a specfroradioﬁeter (between 400-750 nm)

were: 6.0 X 103 photons/cmz—sec (7.5W) and 2.4 X 1015 photons/cmz—

- sec (two 60W bulbs).

Four additional groups (two frogs per group, groups I-L) were

-

likewise subjected to 40 days of treatment at a later date'<December

1978~January 1979). Before they were transferred from the holding

» tank (18L/6D, 7.5W, lSOC) to the experimental tanks, they had 30.0%

porphyropsin (n=1)win their whole retinas. These additional conditions
were: - ‘ .
18L/6D 241, 12L/12D 24D
2X6OW 2X6QW ’ 2X60W
20%¢ ' 10% ° 10% . 109¢
T g ko L

Effects of light intensitzlfphotoﬁgriod and temperature on the visual

pigments in the leopard frog

‘Adult leopafd frogs, Rana pipiens, were obtained from Narsco
Educational Materials, Ltd. in Gueléh, Oﬁtario. Upon arrival in the
fall, 1978,"they (mean body weight: 50.8 gm) were subjected to 30
days of different light and tempe;ature treat@ents {about 3-4 frogs

per group, groups M-T). These conditions were:



&%
1.81./6D ‘ 61,/ 18D
7.5W 2X60W 7.5W 2K60W
60¢ 300 6% 300¢ 600 30% N 300¢
M N 0 P Q R S, T

Partial bleaching experiments shogpd that all frogy boOssessed only
rhodopsin (Amax=502 nm) irrespective of the envirvoyftental regimes
(Appendix E}. Their liver possessed prodominately fetinoi (Appendix 6).
The subsequent section (Resﬁlts) cherefore wi%l prGSan'reéults from

‘the bullfrog only (Appendix 7).
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| . Resulﬁa

Ligﬁt and temperature effects on the visual pigments in the byllfrog

After 40 days, bullfrog retinas may possess predbminately
T odopsih (see whole retinas of groups B, D, F, H, Table 1) or
up to 50% porphyropsin (group C, ?ablejl), (see also Appendix 7).
.This changé in photopigmentiproportions is primarily the result of
changes in the visual pigment composition in the dorsal retinas in

fesponse to light and temperature treatment (Table 1). A replacement

of porphyropsin by thodopsin in the dorsal retinas is evident in

@] b

lcertain groups (compare groups C & D;.G:& H, Table 1). ‘Tthe ventral-
retinas, however, always remained rhodopéin rich (Table 1).

Lower water teﬁperatu;es at each photoperiod and light intensity
,i;duced higher porphyropsin porportions in all dorsal and ventral
rétinas»(compare groups A & B, C & D for dorsal and ve;tral retinas,

groups E & F, G & H for dorsal retinas). Higher light intensity

also favored higher porphyropsin proportions (compare groups A & C,

dorsal and ventral retinas, andggtoups E & G, dorsal retinas, Table 1).

>
The effect of photoperiod can be revealed by comparing frogs held in

the lower temperature (lOOC; since the higher temﬁerature, 300C, tends
to favor almost exclusively rhodopsin in all cases). Longet ph;to—
periéd consistently favored higher porphyropsin propoftions in all
theée groups (compare groupsVA & E; C & G, dorsal and ventral retinas,

Table 1).

The effect of photoperiod is further substantiated when results

of the two sets of experiments are considered (groups C & C'from

’
-
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Table 1. Visual plement composition of dovrsal, ventral and whole
T oretinas of the adult bulltrog, Ry ciLenbe L, kept
under different Light-temperature regimes for 40 days.

The porphyropsin percentapes (for details, see Appendix 7) of
the two frogs per proup awd their means are presented in the
table.  FEach value of the dorsal W ventral) retinas was

" obtained by averaging the visual pigment compositions of left
dorsal (or ventral) and right dorsal (or ventral) retina of
an individual. Fach value df whole retinas was calculated
from rhe weighed sum of dursal and ventral retinas, i.e.
taking into consideration the relative amounts ol visual
piament in the dorsal and ventral scgnents,  Note the effects
ot photoperiod, light intensity and tempevature cspecially
on the dorsal retinas of the bullfrog. These frogs :
had 38.07 porphyropsin (n=2) in their whole retinas when the
experiment started, suggesting that they had upwards of
VOprotphyropsin in the dorsal segments.

¢
@
18L/6D 6L/18D
7.54 2X60W 7.5W 2X60W
N 0%  30%  10%  30%  10%  30%  10%  3p0c
A B g D g F G i
Dorsal 51.1 3.0, 86.1 6.0 40.4 3.8 72.9 6.2
q ~
Retinas 52.5 6.0 78. 4 7.3 36.4 7.3 69.9 > 7.3
x="51.8 4.5 82.3 6.7 38.4 5.6 71.4 6.8
Ventral C12.7 1.9 16.8 1.9 6:2 3 12.0 4.9
Retinas ~  13.7 3.8%  27.4 4.9 6.2 0.0 8.5 3.8
x= 13.2 2.9 22.1 3.4 6.2 1.5 10.3 4.4
Whole 28.8 2.2 48.0 4.0 18.7 3.7 35.8 5.4
Retinas ©31.8 4.7 51.6 5.7 20.2 6.1 34.2 4.5
Z= 30.3 3.5 49.8 4,9 19.4 4.9 35.0 4.0
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Table 1 in addition to proups J, K and L). Fipure 8a shows that in
the dorsal retinas, constant darkness (g;oup ., 46.9% norphyropsin)
favored lower porphyropsin preportions in comparisen to those held in
' light-dark cycles. Lengthening the photoperiod from 24D to 6L/18D and
to 12L/19D resulted in increases ol porphvropsin ratios (6L/18D,

group G, 71.4% porphyropsin, 121,/12D, group K, 83,4% porphyropsin).
Photoperiods lodger than 12L/12D, however, did not appear to favor
further inc}eases.in porphyropsin roportions (18L/6D2 proup C, 82;3%'
porphyropsin and 24L, éroup L, 84.4% porphyropsin). Ventral retiunas,

as have been noted before, remained always thodopsin rich {(less than
}

'
o)

25% porphyropsin).

’.Analogous to the cffect oﬁ photoperiod, temperature may, or may
not be associated with a significant change in visual pighent
composition of the dorsal reéinns (Fig. 8b). Both 100¢ (group C, 82.3%
porphyropsin) and 200¢ (group T, 79.3% porphyropsin), at the #8L/6D
photoperiod aﬁd 2X60W intensity, fnvorgd Pigher proportions of porphy-
ropsin, whereas frogs at 300C (group D,\6.7Z porphyropsin) with the
same photoperiod énd light iptensity, had predominately rhodopsin in
the dorsal retinas (Fig. 8b). There is alxo an indicaticn of a pro-
gressive increase ofvrhédopsin in the rhodopsin-rich ventral retina
as temperature increased (Fig. 8b).

S

Visual pigment composition in relation to vitamin A composition in

the pigment epithelium of the bullfrog

The vitamin A, proportion in the pigment epithelium in most

instances resembled the porphvropsin proportion in the retina of

the bullfrog (see Fig. 9 and Fig. 10). A rhodopsin-rich dorsal

A

14



Fig. &

Visual pigment composition in the dorsal and the ventral retinas
of adul® bullfrog subjected to a) photoperiod and b) temperature
treatments. ' ’

These animals were obtained in the winter of 1978 and subjected
to the indicated conditions for 40 days before visual pigment
analysis., Frogs in (2) were held under two 60 Watt light

~ bulbs at 109C water. ' Frogs in (b) were held under a photo-

period of 18L/6D, delivered by two 60 Watt:light bulbs. ¥or
details of the experiments, see Methods. The range and the
group mean of two frogs per group are indicated in the
Figures. -
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Fig. 9 Carr-Price spectra showing vitamin A compositions in the dorsal
and the ventral bigment epithelium as well as in the liver of
the adult bullfrog. 1 )

The Cari—Price colors were developed from the reactions between
saturated antimony trichloride solution with vitamins. A.
Vitamin A; exhibits characteristic peak at 616 nm whereas
vitamin A, shows peak color at 690 nm. A rhodopsin rich and

a porphyropsin rich dorsal retina associated respectively with
vitamin Ay’ rich and vitamin A, rich pigment epithelium (Fig.
9a and 9¢c). " A dorsal retina of similar rhodopsin~porphyropsin
contributions had equal proportions of vitamin A; and .
vitamin A, (Fig. 9b). The rhodopsin rich ventral retina
always associated with vitamin A; rich pigment epithelium
(Fig. 9d) whereas the liver also had predominatley retinol
(Fig. 9e). o
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The visual pigment composition in the dorsal retina in
relation to the vitamin A composition in the dorsal pigment
epithelium in the adult bulifrog.

The different visual pigment compositions of the, dorsal retinas
were obtained by subjecting the bullfrog tg different light-
temperature conditions for 40 days (s?e Taple 1, Fig. 8a

and b, or Methods). Filled circles regre ent results from
frog,held under, lower temperatures (10°C, 200C) whereas

open circles show results from a hlgher temperature (300C)

The line was eye fltted
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31

ELCLH& (6 OA porphyropsiun) associated with a vitamin Ay-rich

pigment epithelium (64.7% vitamin Ay, ‘Tig. 9a) whereas a porphyropsin-

rico dorsal retina (87.5% porphyrepsin) associated with a vitamin Ap-
rich epithelium (78;4% vitnmiihi:?\ﬁig. 9¢). A dovsal retina having |
dbout ‘equal amounts of the two pigments (40.4% porphyropsin) associated
with d%lgment eplthellum hav1ng similar préortlone of the two
vitamins (48.24,vitam1n Ap, Fig. 9b). The rhodopsin-dominated ventral
retinas;ﬁgore ﬁhan 78% rhedopsin) always had a vitamin Aj-richp
pigment epithelium (more than 80% vitamin A;, Fig. 9d). The llyefe
were also dominated by retlnol (Fig. 9e).

The chloroform extracts of the (non—saponlfled) plgdent eplrhellum

' I
contained'certain carotenoids which ma§r1nterfere with #he vitamin A

o -

determinations using the Carr-Price Method. 1In this study, about 30%

of vitamin A analyses were contaminated with these carotenoids.
Therelore, in Figure 10, only the results from uncontaminated extracts

[3

.. of the dorsal pigment epithelium are presented} The animals held at

. .
10%C and 200C.temperatures had vitamin A composition in their pigment

epithelium similar to the visual pigment composition in their retinas

(Fig 10, -Qe line was eye fitted).  However, tho'se held in. a warmer

‘temperature with rhodopsin-rich retinas, had s1gn1f1cantly higher
uvitamin Ap proportions 1n their dorsal pigment epithelium in compar— e
~ison to theim porphyropsin proportions (25.9-42.4% vitamin A, in the

- pigment epithelium vs 3.8-7.3% porphyropsin in the retinas, open

. , b
circles, Fig. 10) Moreover, the two frogs ‘held in constant darkness

at’ lOOC (g*oup T.) also had hlgher percentages of vitamin Az in the
dorsal plgment eplthellum than the porphyropsin proportions in their
t

dorsal retlnas (Frog l had 70/ v1tam1n A2 vs 53% porphyrop31n, Frog 2

~

i o

«



had 87.1% vitamin A, vs 40.77% porphyropsin, these points are not/
J
included in Fig. 10).
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Discussion
A E . . 7

The absorbance maxima of bullfrog rhodopsin and porpuvrepsin

In 19%7—8, Wald reported that bullfrogs possess a rhpdopsin

; (Amax=500 nm) in their retinas (Wald, 1937-8). Later, he discovered

| that the metamorphosis oflbullfrog tadpoles»to adults involved a
transition from .retinas dominated by Qitamin Az to retinas containing
only vitnmiq Al (Wald, 1945-6). 'SubsquenEly,\Crescitelli, using

‘ partial bleachiné ex;eriments, cqﬁfifﬁedithat bullfrog tadpoles Had.a
mixture of rhodopsin (Amax=503 nm).and porphyropsin (Amax=525 nm)
whereas the aduit pqssessed oniy rﬁodopsin (Amax=503 nh) ECrescitelli,‘
2 i958; sece elso Crescitelli, ¥972). Reuter et. al. (l97l)lpointed

out that the adult bullfrog\gessessed both rhodopein (Xmax=502 nm) and

porphyropsin (Amax=522 nm). 1In addition, they safdwy "the differ—

3 ' , ? oy

’

ence spectrum of the bullfrog tadpoles porphyropsin seems to be
identical with that of the adult porphyropsin'. The present study,‘
also empleying pertial bleeching‘experimentsg suggésts that adult

Ly ) bullfrogs possess rhodopsin of Amex=499 nm and porphyropsin of Amax=
522 nm. ) —

| K : My results on the bullfreg ;hodopsin and porphyropsin were

. fobtained from partlal bleachlng expeglments on rhodop31n rich and

porphyrop81n rich retlnal extracts The dlfference spectra, obtained

from bleachlng with 610 nm and 675 nm llght were used to estimate the'

the absorbance maxima for rhodopsln and porphyropsin respectlvely ///
These dlfference spectra were in full a?reement with nomograms for
L I

a 499 nm rhodop51n (from the rev1sed nomogram for rhodop51ns by

Dartnall, appearing in Wyszeckl and Stiles, 1967) and a 522 nm .

A%
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‘Schwanzara, 1967). Moreover, when these absorbance makima_were

84

po;bhyropsin (Erom the nomogram for porphyropsins. by Munz and

appiied to an established equation for the absorbance maiima of

paired visual pigments in fishes (Dartnall and Lythgoe, 1965;

Bridges, 1965b), a porphyropsin{of Amax=522 nm is confirmed to be

associated with a rhodopsin of Amax=499 nm. . >
Clearly, the absorbance maxiﬁa of both rhodopsin and porphyropsin _

of bullfrog tadpoles and adulté Have not been agreed\upon in the

literature and ;here_is no, apparent answer as to the ceuse of this

discrepancy at preseet. Nevertheless, the small differences‘for the

Amax values repdrted‘here and in other studies shogld~not invalidate

a comparison of the estimated reletive proportions of the twe pigments

in various studies.

(at 18L/6D) (Fig. 8b) as well as the tadpoles of the bullfrog (at

Visual pfgment change induced by light and temperature
This study constitytes the first report on light éhd\temperature
LY .

induced ‘changes in visual pigment composition in ‘an adult amphibian. .

A)light—dark cycle, at 10°C, in comparison to continuous darkness,

—~

induces higher porphyropsin pfoportionscin the bullfrog (Figt 8a),
a'?esponse>similar to that exhibited By tadpoles of the bullfrog, .
leopard frog and the bronze frog (Bridges, 1970, 1974). ow

temperature favors higher porphyfopg&n proportions in the adult
4

24D, Bridges, 1974)

. 3
i

A direct comparison of effect of’photoberiod, light intensity and

temﬁerature on the proportions of rhOdo?Sin and porphyropsin in the

. i ) '3
bullfrog and.in paired visual pigmept_fishes may be difficult.

4




. ' This is becausu<different studiei have cmployed different cxperimunﬁal
prbtocols,in addition ;b'thc differenu temperatures ﬁolerated by
uifferent spuuies.ﬁfIn spite f‘those limitations, it is quite
Qurpris;ng to Eind similaritie"\ih visual pigmcnu response to these

A

unVlronmental purametcrb For exampie,~the photcperiod effect on the
g A i . . ‘
bullfrog porphyropsin»prOporLionS (Fig. 8a, frogs were held under
2X60W light” , at 100¢C ;ateu) appeared similar to the puotoperiod
effect on rhe‘visual pigment composition in rainbow trout (Fig.KZa,.
Chubtef fI, ;rduEAwere héld undér two 20W fluorcscent'tubes, at various
~,wu§er’tempera§ures). In both uases,:higher photoperiods tavored higher
porpﬁyropsin‘ratios. \Anc‘He;:example is_theﬂs'milarity of the
iufluence of-temperature onvthe bullfrog vis&;i\

~ re

- retinas (Fig. 8b. frogs were held under two GOW, light bulos at-a

plgments in the dorsal
photop#riod of 18L/6D) and the temperature‘effedt on the goldfish

visual plgments (Flg. 4e, Chapter I11, goldﬁish‘were.held‘uuder a

/

% ' *7 .5W light bulb .at*16L/8D). In both cases, lO ZOOC water favdred

';/; . higu porphytopsin rétios whereas 30°C favored predomluately rhodopsid.
- g Although Reuter et. aZ (197l)lrepurtéd the presence‘uf
%Xukf S%FA.‘ porph/rop51n in adult bullfro; retlnus, contrary to ‘the conclus1ons .
”?r.? x f | ".gf Wald (1935—6) and Ctescitélli (1958), Reutér et. al. did not explain_‘

[ - .

'_Jf?j“ “' why“yiugeu frogs h;d moie porphyrepsin (30j40%) thau‘$nhmsp ffogs €5%)

g - S |

B : - other than a ppssible seasonal effect. From fhislstudy, it appears

. that this seasonal»différencé‘couid Be attributed to an effect of

v 4

temperature andJor’light‘ L1kew1se it is p0331ble that Wald (1935-6)

and Crescitelll (1958) may have used bullfrogs which‘were accllmated

-

Lo co dltlons de rlng rhodo sin. : L 4
7T P . N

T it is of 1nteres§ to speculate why bullfrogs retain porphyropsin

" L3
¢ :
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in their adult phase. A paréilel study on the visual pigments of the
adult leopard frog (Rana pipiens) did not show any porphyropsin
despite usiné siﬁilar lighy and tempetétqré treatmentg (Appendix 6).
This agrees with Bridges' (1974) . results ﬁ%at‘adqlt builfrogs
cénstitute én exception ambngsﬁ tge several Rana spp. and Hyla spp.
in having porphyropsin-fn their adult life. 4This may be because the
adult bullfrog is a semi-aquatic Species, preferring to stay in the

water even after metamorphosis. As Reuter et. al. (1971) have pointed

N

N

out, the ecological significancé of different visual pigments in the

dorsal and ventral segments may be rglated to the bullftog's tendency
. . E '
to be semi-submerged, exposing themselves to both aquatic and
¥ . .
™ &

S

terrestrial environments simultaneously (see Reuter et, al., 1971).

The possible physiological significaﬁéé of having a‘lafile visual

§y$tem is at present a tapic for furtherﬁinVest%?ations (for reviews,
. -, .

see Munz.and MCFarlénd, 1977; Knowles and Dartnall, 19778).

The transition .from porphyropsin rich tadpole retina to rhodopsin

rich retinas in the adult frog has been cited as an example for“
. _ #
evolutign of the visual system in the vertebrates (Wald, 1945-6;

N

Crescifelli, 1972) . The present discovery that bullfrog dorsal

retinas may respond to light and temperature treatments with a change

in the visual pigment composition, similar to paired visual pigment

fishes and tadpoles whereas ventrals remain rhodopsin rich (similar

to most other adult frogs) provides an additional system for studying
' > \

the mechanism controlling the composition of visual pigments in the

vertebrate retina. ’ ‘ v : 2

»

o .

3
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Vis u1l yigment and vitmain A com ositien in the eve
1 P

-These results are difficult to ’'assess because the vitamin A compositilon

There have been relatively few studies compaving the visual
- » . s . . . ) - . 3
pigment composition im the retinas and vitamin A compositicn in the

pigment cpithel:ium of animals. The results of}Wnld (1939, oa clrinaok
salmon, Oncorayruchius tshuwytscha; rainbow trout, Sulmo gairdrsri and

~—~—

brook trout, Jalvelinus fontinalis), Wilt (1959, con bullfrog tad oled)

and Reuter et. al., (1971, on bullfrog) suggest that the vitamin A

- composition of the bleached retina aud the pigment epithelium are alike.

of the bleached retina and the visual pigmént composition of the rvetina
. 4
. { -
may not unecessarily be the same (see General Introduction). Bridges
. =
and Yoshikdmi‘(}970b) observed that the proportions of rhodopsin and

‘porphyropsin in rudd retinas were associated with similar proportions

©

of retinol and 3-dehydrorctinol in the pigment epithelium. Direct
* ) » -
4

- and quantitative comparisons of visual pigments (in the retina) and

vitamin A-(in the pigment epithelium) later were reported for amphibi-
(4

ans (Bridges, 1975) and for goldfish (Chapter III). By plotting per-.

cent 3-dehydroretinol in the pigment epithelium against percent porphy-

ropsin in the'retina, the vitamin A composition may oﬁly "match' the

VL&ual plgment composmtlon when the tadpoles (bullfrog and bLreonze frog)
J) -

and adult (bullfrog) were kept under 11ght (see Plg 12, Brldges 1975).

In constant.daykne$§, 3—dehydro;étinolHpr9portions in the pigmenth
epithelium were significantly Higher-tﬁa; the porphyropsin proportions
in tae retinas of tadpoles (Bridges,51975). Moreover, 3—dehyd£¢retinol
;fopogtions in the pigment epithelium of the goldfish, kept ‘under light/
dark c6nditioné, were always high (ckpeeQiné“SSZ_3—dehydroretinol)

v

regardless of the visual pigment composition (ranging from less than



10% porphyropsin to more than 90Y porphyrépsin) in the vetinh. The -

results of the presont study on bullfrog ocular t; sues rugree with
* R .

Bridges' (1975) conclusion that visual pigment composition in the
: . :

retina. does not always match the vitamin A composition in the pigment
. B 5 b . . {
cpithelium. T

One important difference between’ the experiments of Bridpes' (1975)

and the prosent study and those of Wald (1939) and Reuter &t. al.,

(1971) 4is that the formcr induced visual plgment changes by manlpulatlng

23

light (and Lemperature) whereas the 1at‘er emp loyed aﬂlmgls from

natural populatlons. Is it possible, that light and tempervature can

induce a change in vispal pigment ratio in fhe retina th-t is not

-
]

dependent on’'a concomitant change in vitamin A composition of the

pigment epithelium? My earlier eXperiméntvon the goldfish visual
system (Chapter III) has confirmed thls suggestion (see Fig., 7,

Chapter III). It shows that the<degree.df 'resemblance' between the

. percentage of porphyropsin and the percentage of 3-dehydroretinol is

dependent on the length of acclima;gon of the anigal to a particular
light and tempefature environmeﬁt; It is likely that animals from
ﬁatural populati;ns (Wald, 1939; Reuter et. al., 1971) altgr their
visual pigment and Vitamin A composition at a different rate than

those subjected to artlflclal (and abrupt changes in) llght/témpe;ature
env1ronments (BrldgLs, 1975; present study) resulting in discrepancies
in findings. Whether the retina can‘selectively sequester one of the
two vitamins A from the pigment" cplthellum for pigment synthesis or
can procure its vitamin A from a location other than.the pigment

epithelium is not known at present (see Bridges, 1975). Alternatively,

since my method measured both the free and csterified vitamins A in

~

AN
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il

o

T the pigment epithelium ﬁugether, there may be a small pool of free

vitamin Ay and A whose proportions were similar to those of the
: W,

rhodopsin and porphyropsin in the retina. The visual pigment composd-—

»

tion would tlten be dependenf on the f{ree vitamin A and Az ratio,

which could be quite unrelated to the total vitamin Ay to Ap ratio %wfi

i1 the pigment epithelium. "The answer to these questions awaits fur:

ther étudieé: . : e
That the percent 3-dehydroretinol in the ﬁigmeﬁt epithelium

'followed"the ghange‘in visuval pigment composition in the retina

suggests that vitamin A storage in the pigment epithelium reflects the

’

events occurring in -the retina. Since goldfish have an enormous
. . ‘ + :

~
=

storage of -vitamin A in their epithelium (41 moles per mole of
t ‘ -

visual pigment, Bridges, 1975), it is not surprising that a lengthy

period is réqﬁired before the two tissues have similar proportions of
vitamin Ay and Ap. Tt would Be of interest.to see, however, whether
5 comparable time period is required to. alter the Qitamin Ao
proportion in the ﬁigment epithelium of.the bullfrogs which have

relatively less storage vitamin A (2 moles per mole of visual

-,

pigment, Bridges, 1975{;\\A1;hough I did not perform this experiment,
comparison of Fig. 10 of the study on the bullfrog and Fig. 6 of the
study on the'goldfish (Chapter III) may suggést an answer. After
40-50 days of acclimation, rhodopsin rich bullfrogsjhad 25.9-42 .47
vitamin Ay in their (dorsal) pigment epithelium (fig. 10) whereas'the
rhodépsin rich goldfish had more thaq 85% 3-dehydroretinol in their

pigment epithelium (Fig. 6, Chapter IIT). This is suggéstive that the

‘time periogd required to alter the vitamin A composition may

be related to the differences in the amount of vitamin A stored in



-

e

the pigment epithelium in different sSpecies.

The current knowledge on the relatieonship between visual pigments

a .
in the retina and vitamin A in the pigment epithelium is inadequate to
satisfactorily explain the mechanism of visual pigment conversion.

It appears that by studying visual pigment changes, one may alse

”

gain insight into how_p?e rétina procures its vitamin'A»for visha%
;igment synthesis. ' This is important in thé understanding of the
biochemistry of the visual cycle in the Qertebrates. The earlier
suggestion that the formation of vitamin Ap from A; "must' occur

in the pigment epithelium via a '3-4 dehydrogenase' needs to be

documented (Reuter et. ai., 1971; Bridges and Yoshikami, 1970b).



- CHAPTER V
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-

‘é\ GENERAL DISCUSSIONS

- ) e . +

Since the discovery'of visual /pigment changes in the rudd (Dartnall

. C e . . . .
et. al., 1961), researchers working on visual pigment conversions have

encountered dffficult? in the manipulation of rhodopsin/porphyropsin
ratios in paifed pigment species. This refers, for example, to the

shifting of the visual pigment composition in fishes during the

‘transfer from an outdoor to an indoor situation (Allen, 1971; Jacquest

and Beatty, 1972). This lack of stability of the viéual pigment’
compgsition‘ofteé reéulted in difficulties in the design of an
éxperimeﬁt which required the comparison between a specific light,
temperature or hdfmongi treatment and a contrql. For example, Allen
(1971) collected golden shiners from Oregon coastal stfeams to study
the effect of ligﬁt quality (wavelength)'on the visual pigment
cqmpqgition.f Upon arrival, these sh%a?rs‘had 90.67 ﬁorﬁhyropsin.
After 15 dags of treatments with lightéﬁgf different wavelength (and
‘total darkﬁess), groups of shineps had meaﬂnﬁercent porphyropsi;
ranging from 57.2 (éonStant dark) to 78.2 (blue light). Howeéver,
shiners in the natural habitat also lowered their pef;ént porphyropsin
toe 63.1 when they wére r&-sampled. In addition, a'similar decrease of
porpﬁ}ropsin pefcen ges was encountered in the 'control'Agr0up (to
%2.9z{yfish were held under indoor room light). This suggests that the

effect of light treatment acted together with an unidentified 'effect',

A

both causing the porphyropsin‘ratibs to decrease in the shiners.
Whether this unidentified 'effect' interacts with the effect of a

. N ¢ ’
specific treatment is difficult to resolve. Similar cases can also be

91
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found in the literature (Jacquest andTBeafty» 1972) .
The present study shows that the visual pigment compositiogy of
s ) . 6:&:, . . a . ¥ .
rainbow trout will stablize whesa- fish are subjectead tq'constant light
: o M
and temperature treatments for a 30-50 day period (Fig. 1, Chapfer IT).
This stcady-state visual pigment composition not only can serve as a7

.

reliable index for the effects of light and temperature oun the visualy

pigment compositidn of trout (Fig. 2, Chuptdr IT), but also can be4u$ed

.48 a stable 'control' to which the effect of 'a particular treatment is = ¥

: . Nt
compared. -An appropriate example isrgiven in Chapter ITI (Fig. 5).

Upon arrival, goldfish (with high porphyropsin .ratios) were placed in~é

s

compositions were stablized. Thyroxine was then applied to a trcatment

condition favoring low porphyropsin until their visual pigment

group while the v1sual pigment CompOSLthH of the control group rumalned’
unchanged. The effect of thyfoxlne was then confLrﬁcd when’ thh visual
pigment composition of the treatment and the control groups were , .
compared (Fig. 5, Chapter’ITI).

This abiiity'to predictably manipulate visual pigmentiéomposition:*
has other advantages. One example is Qhe present discovery of rhodopsiﬁ*
in thé goldfish. From earlier studies (Allen and Mcfarland 1973; CrLsty,
1974; Tsin, 1976;UT31n and Beatty, 1977a; McFarland and Allcn 1977),
it was concluded that higher water’tempeﬁ?turé will favor rhodobsiﬁt. *
irrespective of the specie;' response to light (see General Introdqe—_
tion). Therefore, by subjecting poldflsh (of high pbrphyropSLn ratio;)
to hloher temperature, I was able to increase rhodop51n proportions in

order to confirm its presence. GOldflSh were subjected to a high

water temperature (28%C) at an arbitrarily chosen pitotoperiod (16L/8D)



Lo

;{}3“' .-

"30-36 day period.

8; Cresc1telll

.a rhodop51n/porphyrop51n'pair as»suggested by Reuter et. aZﬁ

N
)

. e \ . ~
o — ¢

and light 1nten5lty (undtr the lllumlnatlon of a 6OW llght bulb) for a.

3

Partial bleachlng experlments performed on the

13

retlaas from these light and temperature treated goldfish confirmed the

. "
presence of'a large proportlon of rhodop31n thus allowing an accurate .

9

1dent1f1cgt10n of this VlSual pigment (see Method of Chapter III)
.« A !

Further experlments on the goldfish v1sual pLgment system 1ndlcated

9 B U

that’ a certain light intensity (under the illuminatibn of a 7.5W light l .

<

bulb) and photoperiod (l6L/8D) in addlLlon to warm water (300C)

' condltlons may be requlred for high rhodopsin proportlons (Tlg. “ba, b

and c; Chapter III). This suggests that a preliminary'survey»of visual
pigments in a species,gsuspected of exhibiting changes in visualfpigment
» " B .

o

proportions, should‘also include regimes of different light,intensity, <

photoperiod and temperature Thls suggestion was put to a test 1nlthe

study of’the visual plgment system of the bullfrog. |
Adult bullfrogs were thought to possess only rhodopSLn (Wald l937—,;

1958, l972) (1971) reported

However

Reuter et.:al.,

the presence of ‘a porphyrﬁps1n “in additdon to‘rhodopsin “in the dorsal

retina of the adult bullfrog. Moreover, ‘they also noted that thﬁ
w1nter frog had hlgher proportlons of porphyrop31n in thelr retlnasv

(about ﬁ\:Z{than the summer frog (about 5% porphyrop31n) Therefore

it was of interest to see whether thls dlscrepancy in the llterature

about bullfrog v1sual 3igmenes (L.e. bullfrOgs have only rhodop31n as

suggested by Wald 1937-8; Cresc1te111

e

1958, 1972 versus bullfrogs.haue

l97l) is

‘the ‘result of llght and temperature 1nfluences on the photopigment

comp051t10n in the retina From the results of the present study

. \‘tb ! ’
. - s
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(Chépter IV), it is possible to suggest that tth d;sagreement in the oA

llterature on bullfrog visual pigments may be caused by light and™

’

temperature. 51ncc these envxlonmental factors Slgnlflcantly altered .

the visual ploment comp081tlon in bu]lfrogs used in the present studxb

(Chaptcr Iv). Consequently, the adult bullEfog may constltute another
P N . .'._
example, in addition- to the goldfish, of an’ animal, earlier 1dent1f1ed

- 5

as a single pigment species (i.e. the goldfish was thought to pgssess

. 4 ‘ —
only‘porphyropsin,:Schwanzara, 1967; Bridges, 1973; the adult bullfrog

was reported to have only rhodopsin, Wald, 1937-8; Crescitelli, 1958,

v

X

,1972), that’ is now confirmed to possess paired and lnbileuvisual,pigme—

nts (see Chapter TIII for the,goldfish ahd Reuter et. al., 1971 end 8
‘ . - e

Chapter IV for the bullfrog).
"The temporal change of vlsual pigment proportions in trout
indicated (Chanter II) that almost equal amounts of time are required

to replace porphyropsin by rhodop51n in «the dark and to replace

rhodop51n by porphyrop51n under continuous light, This suggests thdti
the bleaching and - resynthesis cycle under illumination ddd not 51gn1fi—
cantly elevate the rate of visual pigment conversion. This 1nfers*that
visual pigment turnover may be regulated by a change in the proportion
of new v1%Pal pr:;ent synthesized at the base of the rod outer segment,
a process that occurs in ;1ght and in darkness (Young, 1967; Besharse,
L Hollyfield and Rayborn, 1977). This suggestion is substantiated by the
agreement of the time requ;red to completely replace dlscs of the rod
outer segment in the frog (Rana pszens 6—7 weeks,'Young, 1967) and'
the time required to replace rhodopsin by porphyropsin (or vice Qersa)
in trout (30-50 days, Fig. 1, Chapter II). Moreover, Lgew and:Dartnall
(1976),Ausing midrospectrophotometry, heye concluded that rudd subjected

~

/
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_its apical end. - e PR

-

, , o . . ‘
to continuous darkness (a condition favoring rhodopsin in the rudd)
were richer in rhpdopsin at the base of the rod outer scgment than at
Iv

Bridges and Yoshikami (1970b) sufgested that the relative propor-

tion of visual pigment synthesizhd at the base of the fod outer

segment ‘may be related to Lhctrelatlve avallablllty of the two vitamins
A in LhL pLngnt epltdLl]Uﬂ. This Squesﬁloﬂ was primarily based en

~the flndlng that thu visual plvment composition in LhL rttlna and the

Vltamln A comp051tLon in the plgment epithelium are similar in’ the &

u

rudd (Bridges, and Yoshikami l970b) The prcsent study sugoests that

. ‘ .
this view should be modlLL;d bepause the” v15ual plbmenL L”MPObLLLOﬂ

in the retima‘of the gold§1 sh does not match the“viﬁamin A composition

in the pigment epitﬁelium (Fig. 6, Chapter III). ,Moreover, further
o .

studies showed that the length of acclimation of an animal (Chapter III,
A "

[

3

Fig. 7) and the amount of storage vitamin A in the pigment epithelium
(see Discussion of Chapter IV) may play an important ‘role in the degree

of resemblance of vitamimdA composition in the pigment epithelium and
visual pigment composition in the retina.

. = The present comparative study on the visual plgantb and vitamins
N LTINS

A in ﬁishe&_and amphibians has demonstrated the apparent inadequacy

-

of our understanding on thz vevicbrate visual system., TFurther studies
are needed tb relate this laboratory finding on visual plgment conver-
sion to the ecological significa}cc of animals in the natural habitat.
It may also be of interest to study whether any other species, reported
to'possess only rhodopsin or porphyropsin, also possess paired visuval
ﬁigmentsa The mechanism of visual pigment convefsion ﬁay possibly be

elucifat®ed via an @xLensive 5tudy on the hypothesized enzyme

5
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'3-dehydrogenase’ which presumably, {interconverts the two vitamins A.
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APPENDIX 3
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Visual Pigment and Vitamin A Composition in Goldfish Subjected

to Different Light-Temperature Regimes for 50 Days
A Y

Porphyropsin percentages, total visual pigment (in absorbance units .
in extracts of equal volume), 3-dehydroretinol percentages in the pigment
epithelium and in the pooled livers are presented. Means* 1SE of 13
fish per group are indicated in the table. I
Chapter III.

For details, sce Methods in

.

% 3-dehydroretinol

Pigment Pooled

% porphyropsin Absorbance Epithelium Livers

241
16L/8D
6L/18D
| 24D
16L/8D
16L./8D
16L/8D
~ 161./8D

161./8D

7.
7.

7.

SW
SW

5W

dimmed

7.

5W

2X15W

2X60W

7.

7

SW

.OW

300¢
3n0c
300¢
300¢
300¢
300¢
300¢
200¢

10%¢

90.5%1.

84.6+1.
88.5+1.
23.8+3.
_ 36.3%3.
57.7+2.
89. 420,

91.5+0.

(27,
.29¢.
32
.29,
.35¢.
27,
24,

L21%.

02

.01

89.41.1 77.4
80.9+1.1 68.8
92.8£1.5 76.0
90.6%1.3 81.2
82.3+2.2 74.3

83.4%1.2 73.8

. 90.3+1.8 - ./ 58.5
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-APPENDIX 4

. Effect of Thyfoxine on the Visual Pigment and Vitamin A Composition of
the Goldfish ‘

Porphyropsin pércenfages, total visual pigments (in absorbance units
in extracts of equal volume), 3-dehydroretinol percentages in the pigment
epithelium and in pooled livers are presented. Means* ‘1SE. (sample size)
are indicated in the table. These goldfish were pre-conditioned at
L6L/8D by a 7.5W light bulb in 280 water for 29 days Defore the
thyroxine (E—thyroxine introduced into the tank water at a concentration
of 100ug/liter tank waté}) was introduced on the 30th day (i.e. Day Zero

in the table). For details, see Methods in Chapter III.

% 3-dehydroretinol

, Pigment Pooled
% pdrphyropsin Absorbance Epithelium Livers

Day Zero 38.0%5.4 (8)  .24:.01 (8) | 79.2
Day 10th, ’
Control 27.885.3 (8)  .32+.09 (8) 83.7+2.0 (8) s8.1
Thyroxine Treated _ 89.2+2.0 (8) -24%£.03 (8) 90.3+1.8 (8) 76.4
Day 20th s
Control 28.7+2.6 (8)  .29+.02 (8) 83.3+2.3 (8) ~ 78.6
Thyroxine Treated 90.0+1.5(12) .22+,02(12) 91.6i1.0(12) 78.3
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AN ' APPENDIX 5 A
Change of Visual Pigment and Vitamin A Composition with Time 4n the
Goldfish : T

v

i1

- Porphyropsin percentages, total visual pigments (in absorbance units
in extracts of equal volume), 3-dehydroretinol pergentages‘iq the pigment
epithelium and in pooled livers are presented. Means+ 1SE (sample size)
are indicated in the table. These goldfish were held in a holding tank
(250 liters) under a 15W.1light bulb at 16L/8D in 280¢ during, tthe

experiment. For details, see Methods, Chapter IIT. X *
RSN
/
. A 3—dehydrqgeeinbl
A Pigment Pooléd
% porphyropsin Absorbance Epithelium Livgg?
- ' SR
}— W
L0 ' 4 ’ S
Day Zero 93.340.5(10) . . .14+,01(10) 88;7i3.3(10)' .
Day 50 . 28.7+2.6 (8) .29+.02 (8) 83.3%2.3 (8) 78.6
Day‘lSO . 23.8%£3.7 (7) .30+£.02 (7) 68.9+1.1 (7) 51.9
Day 300 18.0%1.9 (8) .28+.02 (8) 49.9:2.6 (8) 53.5

- —
/
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APPENDIX 6

Visual Pigment and Vitamin A Composition in Leopard Frogs
Subjected to Different Light-Temperature Regimes for’ 30 Days

Porphyropsin percentages, total visual pigments (in absorbance
unitg in extracts of equal volume) and 3-dehydrofetinol percentages in
the pooled livers are presented. Mean and sample size are indicated
in the table. (+4) sign denoted small amount of 3-dehydroretinol
existed (less than 10%) in the samples. TFor details; see Methods in
Chapter 1IV.

% 3-dehydroretinol

é/’ % porphyropsin Absorbance in pooled livers

60c  6L/18D 7.5W 003 17(3) +
2X60W 0(2) - .21(2) +

18L/6D 7.5W 0(3) .31(3) +

2X60W o)y -~ -29(1) ot

&

0 . \. Y

30%C 6L/18D 7.5W Q(3) .24 (3) +
2X60W 0(3) \if .31(3) +

18L/6D 7.5W - 0@3) " .39(3) +

2X60W oy 37 ¢4) +
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" APPENDIX 7

Visual Pigment and Vitamin A Composition in the Bullfrog
Kept Under Different Light-Temperature Regimes for 40 Days

Porphyropsin percentages of dorsal (D) and ventral (V) and whole
(W) retinas for individual frogs are presented. Percent porphyropsin
value of dorsal (or ventral) retina was obtained by averaging the results
{from determinations of left dorsal (or ventral) and right dorsal (or
ventral) vetinas of an individual. Value for the whole retinas was then
calculated from® the weighed sum of the dorsal and ventral rQ}inas of an
individual, 1i.e. taking into consideration the relative contribution of
visual pigment amounts from the dorsal and ventral segments. Also in
the table are total visual pigment amount (im abosorbance units), vitamin
A, percentages in the pigment epithelium and 3-dehydroretinol percentages

in the liver from each individual. (4) sign denotes small amount of
S 3-dehydroretinol (less..than-}0%). Tor details, see Mcthods in Chapter
IV, '

.

| % vitamin A % 3-dehy-

Pigment droretinol-
Individual % porphvropsin _ Abscrbance Epithelium. Liver
1BL.76D 1 D 51.1 15
' 7.5W v 12.7 .20 ot
10%¢ W 24.8 .35 ’
2 D . 52.5 .15 +
v 13.7 .18
] 31.8 .33
18L/6D 1 3.0 07 +
7.5W v 1.9 .17 39.0
-300¢ W 2.2 “24 :
2 D 6.0 .19 33.2 +
3 v 3.8 T .27 2.2
3 ) W 7 . .46
- . L]
18L/6D 10D 86.1 .12 100.0 .
2X60W v 16.8 .14
10% W 48.0 26 ‘ A
2 D 78.4 12 96.7 +
v 27.4 13 .
W 51.6 25
.
18L/6D 1 D 6.0 .15 35.3 +
2X60W v 1.9 .14 40.1
309 W 4.0 28
2 p 7.3 .18 +
N 4.9 L34 ' 22.9
W 5.7 .53
6L/18D ~ 1 D 40.4 .16 48.2 N
7.5W v 6.2 .20° 13.6
10%¢c W 18.7 735
2 p 36.4 .17 +
v 6.2 .15 54.1 :
W 20.2 .31
61/18D 1 D " 3.8 24 25.9 +
7.54 v 3.0 .30 7.0
300 w 3.7 54
' 2 D 7.3 12 42.3 +
’ v 0.0 .16 6.0 ¢
, W 5.1 28 [
St 2 6L/18D 1 D 72.9 .13 788 LT
: 2X60W v 12.0 .20 : :
10% W -35.8 .33 o
' 2 D’ 69.9 10 59.0 4
. N B85 " 14 12.5
e . 34.2 .24



61./18D

~ 2XA0W

/.‘
S 18L/6D

309

2X60W
20%¢

241
2500
10%¢c

121./12D
2X60W
10%

«©

Audlvidual

1" Db
Y

“\'

2 D
\Y

W

1 N
N

W

2 D
v

v

1 D
\2

W

2 n
\7

W

1 b
‘v

W

2 D
v

W

1 D
v

W
o2
v
W

L__7 poyj

APPENDTY 7 (continued)
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wlv 3o

Wronsin

- O

,

Z vitamin A,
Pipment

Absorbance Fpithelium

' 110

%3-dehy-
droretino®
Liver -

.20
34
.54
.09
.35
A3

0.0
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APPENDIX 8‘
Light Qualities of Fluofescent Tubes and Tungsten Bulbs
In this thesis, Hoch-fluopésgent tubes (Chapter II) and tungsten
bulbs (Chapte: ITI1I and IV) wefe employed. Tﬁe spectral energy (in
pW/cm ~sec/nm) weré-meaSured at water surface (between 400-750nm), wusing:
the remote proge of a specgroradiometer (ISCO, model SR, Instrémentation.
Special;ies Co., Nebraska, 68505). These.readings were converted to

spectral irradiance (in photons/cm —-sec/nm) using the equation of Planck's

(Wyszecki and Stiles, 1967):

where n = spegtral irradiance
I = spectral energy
I x A A= wavelength
h xc | , h = Planck's constant

¢ = velocity of light

2 . .
The spectral irradiance (photons/cm -sec/nm) was then plotted -against the

wavelength (nm) and the area under the curve represents the total

2

,irrgdianée (i.e. total number of photons/em ~sec, between 400-750nm).
(= 4

-~

Figure 11 shows an example of thig:



Fig. 11

‘Spectral irradiance delivered by fluorescence tubes and

tungsten bulbs,

Appendix 8 describes how the spectral irradiance of the two
light sources were derived. Total irradiance (between 400-

750 nm) were ‘obtained by integrating the area beneath the

curve y paper weighing. Using the latter method, the

total irra iance by the two 20W fluorescent tubes (open circles)
was 1.77 X 015 phoﬁons/cmz—sec. (between 400-750 nm) whereas
the two 60N tungsten bulbs (filled circles) gave a total :
irradiancg of 2.44 X 10! photons/cm?-sec. (between 400-750 nm).

s
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