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THE RELATIONSHIP BETWEEN ENVIRONMENTAL LIGHTING
AND HYDROXYINDOLE-O-METHYLTRANSFERASE

ACTIVITY IN THE PINEAL GLAND
OF STEELHEAD TROUT

(Salmo Gairdneri)

INTRODUCTION

The following brief historical account is presented at this time

to serve as an introduction. A more thorough survey of the early

work on the teleost pineal gland can be found in Appendix I of this

thesis.

Although the macroscopic appearance and anatomical position

of the pineal gland has been known for many centuries, systematic

investigation into its properties proceeded rather hesitantly, and its

function remained couched in mystery and superstition until well

into the nineteenth century. As might be expected these first halter-

ing steps were taken by early morphologists and histologists as they

sought to characterize living organisms (Locy, 1803; Hill, 1894;

Holmgren, 1918). It quickly became evident that there were striking

similarities between the pineal gland of lower vertebrates and the

lateral eyes (Locy, 1893; Holmgren, 1918). The anatomical position-

ing of the pineal in teleosts and amphibians allows it to be oriented

toward the sun and, no doubt, helped foster the conjecture among

some early scientists that the pineal might function as a photo-

receptor in the lower vertebrates.
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In 1911, von Frisch, studying blinded fish, Phoxinus laevis,

found that they could alter their body coloration in response to

changes in environmental lighting (Von Frisch, 1911a, b). Further

research led von Frisch to conclude that the blinded fish responded

to light via sensory cells in the pineal gland or epithelium of the

diencephalon. Since von Frisch's observations implicated the pineal

with a phenomenon important for the survival of many lower verte-

brates, it is not surprising that subsequent researchers in this field

concentrated their efforts on determining the relationship between

the pineal and adaptive body coloration.

Meanwhile, scientists studying the mammalian pineal gland,

pursued a direction of investigation based largely on the observations

of Heubner (1898), who noted that pineal tumors caused acceleration

of sexual maturation in children. This led subsequent workers to

put major emphasis on a possible endocrine role for the pineal.

The evolution of these two lines of investigation can be followed

by the numerous reviews covering pineal research over the last

century (Kitay and Altschutze, 1954; Kelly, 1962; Axelrod, 1970,

1974; Bagnara, 1960, 1965; Wurtman, Axelrod and Kelly, 1968;

Fenwick, 1970a, 1970c; Wiener, 1968; Young, 1935; Kappers and

Schade, 1965; Wolstenholme and Knight, 1971; Reiter, 1973).

Despite a concentrated effort on the part of many investigators

over the last four decades, the role of the pineal in pigmentation in
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lower vertebrates remained obscure. The general consensus was

that, if indeed a role does exist, it is probably modulative,

secondary to the influence of the eyes (Fenwick, 1970; Hoar, 1955;

Neill, 1940; Hafeez and Quay, 1970).

Meanwhile mammalian research produced a tremendous

volume of data that gave very strong evidence that the pineal gland

of mammals was an endocrine organ with possible participation in

the control of such hormones as thyroid stimulation hormone (TSH),

prolactin, growth hormone (GH), luteinizing hormone, and others

(Kappers and Schade, 1965; Kelly, 1962). Following the isolation

of melatonin, then thought to be the active principle of the gland,

and the elucidation of its biosynthetic pathway (Lerner, 1958;

Axelrod, 1971), research efforts intensified in an attempt to corre-

late physiological and behavioral observations with biochemical

events occurring simultaneously in the pineal. It soon became evi-

dent that at least two of the enzymes involved in the synthesis of

melationin, hydroxyindole-0-methyltransferase (HIOMT) and

N-acetyltransferase (NAT), displayed diurnal patterns in their

activity, which were synchronized by photoperiod (Axelrod,

Wurtman and Snyder, 1965; Klein and Weller, 1970). The evidence

pointed to the fact that the pineal in mammals operates as a photo-

chemical transducer, translating environmental lighting signals into

chemical imputs (Axelrod, 1970, 1974).
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STATEMENT OF THE PROBLEM

There appeared to be ample evidence in the literature to

support the contention that the teleost pineal gland could also function

as a photochemical transducer. This was not a novel hypothesis but

an old theme historically associated with most early research

efforts in lower vertebrates. As mentioned before, photoreceptor

organelles were found in the teleost pineal. Also, numerous authors

attributed pigmentation responses to changes in environmental

lighting in blind fish and amphibians to pineal involvement (von

Frisch, 1911a; Young, 1935; Bagnara, 1960; Charlton, 1966; Eddy

and Strahan, 1968; Reed, 1968). Further evidence for a possible

hormonal role in teleosts arose when it was discovered that the

active principle in the mammalian pineal, mela.tonin, was also the

blanching principle prominent in pigmentation research (Lerner,

1958; Nova les and Nova les, 1965). Then in the 1960's compelling

evidence as to the photoreceptor capabilities of the teleost and

amphibian pineal came with the discovery that changes in the intensity

of direct illumination on these glands could alter the pattern of

nervous activity eminating from the pineal (Dodt, 1963; Morita and

Dodt, 1965: Morita, 1966; Hanyu, Nuva, Tamura, 1969). Despite

all this positive information, only one effort was made to correlate

teleost pineal activity with illumination (Hafeez and Quay, 1970).
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Throughout the long history of pineal research in lower verte-

brates the primary concern was the relationship between environ-

mental lighting and body coloration. In teleosts environmental

lighting also is of utmost importance in the timing of migratory

movements (Baggerman, 1959, 1960; Hoar, 1962, 1963; Wagner,

1974). It was exciting to note that many of the hormones, suggested

by mammalian studies to be influenced by the pineal, were also

implicated strongly in physiological alterations seen in fish conse-

quent to migration (Hoar, 1963; Hoar, Mackinnon, and Redlick,

1953; Baggerman, 1960a, 1960b, 1962, 1959). It was felt that,

since earlier researchers put major emphasis on the pigmentary

aspects of the pineal, a renewed effort into other possible hormonal

involvements in teleosts was warranted. Therefore, I first set out

to determine if a relationship existed between photoperiod and

enzyme activity in the pineal gland of a migratory species of fish,

Salmo gairdneri. In 19 74 we observed a diurnal rhythm in HIOMT

activity in this species, held outdoors under natural lighting condi-

tions (Smith and Weber, 1974). Although results indicated a

photodependency in this rhythm, further experimentation under more

controllable conditions was necessary. The intent of this research

program was to investigate the possible photodependency of HIOMT

activity in the pineal gland of juvenile steelhead trout and to determine
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whether environmental lighting information, associated with HIOMT

rhythmicity, reaches the pineal directly through the skull or

indirectly via the eyes.
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METHODS AND MATERIALS

All fish used in this study were juvenile Alsea River winter

steelhead trout. The size of the fish varied according to the experi-

ment and will be indicated as each experiment is outlined, as will

the sampling procedures. The enzymatic assay procedure and

materials employed in these experiments are similar to those

previously described (Smith and Weber, 1974) and which can be

found in Appendix II.

The fish were held in three enclosed tanks, where lighting,

water temperature, water flow, feeding, etc. , could be regulated

and monitored. Lighting in the tanks was provided by four, forty

watt, Vita-lite, fluorescent tubes. The light intensity at the surface

was 100-200 fc. Tanks 1 and 2 were constructed of dark green

fiberglass and had a diameter of 200 cm and accommodated about

840 1 of water. Tank 3 was metal and was painted light blue. It

had a diameter of 240 cm and a capacity of about 1330 1.

All fish were fed Oregon Moist Pellet except for about a two

month period when they received Purina Trout Chow (#4) and

Fischers Moist Trout Chow.

The Effects of Different Photoperiods on HIOMT Activity

Fish were exposed to three different photoperiods in an effort



8

to elucidate a possible photodependency in the diurnal HIOMT

rhythm seen in fish held outdoors under natural lighting conditions

(Smith and Weber, 1974).

Responses to 16 h light:8 h dark (16L:8D) 7, and 8L:16D, tanks

1 and 2 respectively, were tested first. In each tank the fish were

acclimated to the lighting regimen for at least four days prior to the

initial sampling. In tank 1 lights came on at 0500 h and were turned

off at 2100 h. Fish were sampled every four hours over a 24 hour

period at times corresponding to 1200 h, 1600 h, 2000 h, 2400 h,

0400 h, and 0800 h. In tank 2 the sampling times were identical,

however, the lights came on at 0800 h and went off at 1600 h in these

experiments except five glands were pooled for each sample. This

pooling was necessary because of the small size of the fish, which

ranged from 8 cm to 12 cm. Also in these two experiments fish

were sampled directly from the main holding tank.

In tank 3 the photoregimen was 12L: 12D with the lights on at

0535 h and off at 1735 h. Samples were taken at 1730 h, 2130 h,

0530 h and 1030 h. The fish used in this study were larger, having

a length range of 14. 5-.16. 5 cm. Because of their size it was not nec-

essary to pool glands in this study. Other exceptions to the procedure

previously cited include (1) the glands were homogenized in only

0.15 cc of phosphate buffer (2) each sample did not have its own

control, but controls were maintained by using one or two control
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fish with each 24 hour experiment (3) incubation lasted 30 min,.

instead of 15 min. in order to insure proper counting characteristics

(4) all fish were sampled from 8 liter, green, perforated plastic

buckets suspended in the main tank. Prior to sampling the fish were

held in these buckets for three days.

Adaptation Time to Green Buckets

Results from experiments utilizing white holding buckets indi-

cated that HIOMT activity could be influenced by environmental back-

ground color. Holding buckets were necessary to ensure easy

recovery of treated fish. The buckets that were chosen for future

experiments were green. Since tank 3 presented a light blue

background to the fish, it was important to determine if this dif-

ference in background color affected the HIOMT response to changes

in illumination. Also if a period of adjustment was required, the

adaptation time had to be estimated.

Fish from tank 3 were held in the green buckets for varying

amounts of time under a 16L:8D photoperiod. On the designated

days fish were sacrificed and the HIOMT activity was assayed as

described in the 12L:12D photoperiod experiment. On each day of

sampling fish were sacrificed at two different times.
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Adaptation Time to Changes in Photoperiod

Data collected shortly after the moving of the fish to tank 3 led

to the suggestion that there might be a period needed to adjust to

changes in photoperiod, i. e. the enzyme activity appeared to lag

behind the changes in photoperiod. This experiment was designed to

estimate the adaptation time to a new lighting regimen. Since a

sharp rise in HIOMT activity in the first of four hours of the dark

period seemed characteristic of the pineal HIOMT rhythm, a

procedure was used which employed two sampling points four hours

apart, 1730 h and 2130 h. The lighting regimen prior to the change

in photoperiod was 16L:8D, with the onset of darkness occurring at

2130h. On the day just prior to the alteration in the light cycle,

control fish were sampled at 1730 h and 2130 h. The next morning,

during the light period, the timer clock was adjusted so that the light

period was shortened by four hours. The lights then went off at

1730 h establishing a 12L:12D photoperiod. Samples were again

taken at 1730 h and 2130 h. Two, six and nine days following the

change in photoperiod, samples were also collected at these two

times. All assays were performed as described in the 12L:12D

experiment except that only 6. 25 jag of N-acetylserotonin was used

per sample.
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The Effect of Blinding on Diurnal HIOMT Activity

In these experiments the fish were held in tank 3 under a

12L:12D photoperiod. The fish ranged from 14. 5 cm to 16.5 cm.

The fish were anesthetized with MS-22, laid on their sides, and the

eyes were freed from the sockets by means of a forceps and scalpel.

A loop of silk suture thread was used to ligate the optic nerve and

the accompanying vessels. The eyes were then excised above the

ligature. The empty eye socket was wiped clean with Q-Tip cotton

swabs and filled with Orabase R. Following the operation, the fish

were placed directly into an aerated 1% solution of NaCl:CaCl2

(1 g/100 ml of a 50-50 by weight mixture). After 12 h the fish were

transferred to green perforated buckets suspended in the holding

tank. After a six day recovery period samples were taken at 0530 h,

1030 h, 1730 h, 2130 h. A second trial utilized the same procedure

except only two sampling times were used, 1730 h and 2130 h. The

sampling and assay techniques were as outlined in the 12L: 12D photo-

period experiment.

The Effect of Constant Dark on HIOMT Activity

This experiment was designed to determine the effect of the

surgical trauma of blinding on HIOMT activity. In an effort to

simulate the visual effects of blinding without the surgical trauma,
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fish (19. 5 cm-22. 8 cm) were placed in green buckets (four per

bucket) and all lights were turned off for the duration of the six day

experiment. On the sixth day of constant darkness samples were

taken at 1230 h, 1930 h, 2330 h, 0730 h. The sampling and assay

techniques were identical to those described in the 12L: 12D experi-

ment. The lighting regimen prior to onset of constant darkness was

12L:12D with the onset of darkness at 1930 h.

The Effect of Capping the Pineal Region on HIOMT Activity

In this experiment the pineal region was covered to test the

influence of direct illumination on HIOMT. Black polyethylene caps

were employed to eliminate direct illumination of the pineal gland

through the thin skull of these fish. This experiment was conducted

in tank 3 under a 12L:12D photoperiod. The fish ranged from 19. 5

cm - 21. 5 cm. The caps were constructed from two sheets of

black plastic (4 mil) glued together. The caps were designed so

that they covered the entire dorsal surface of the skull to reduce the

possibility of light infringement around the sides of the cap. The

fish were anesthetized with MS-222 and the caps were sewn into

place. After attachment bf the cap the fish were placed into green

buckets (four per bucket) and allowed to recover for four days.

The initial sampling took place just before the lights went off at

1930 h and the second sampling time was four hours into the dark
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period at 2330 h. The sampling technique and assay procedure was

the same as described in the 12L: 12D experiment.

The Effect of Surgically Exposing the Pineal Area
to Illumination

It has been demonstrated that salmonids have the ability to

regulate the pigmentation of the skin immediately over the pineal.

region. Blinding caused a darkening in this region. This experi-

ment was designed to test the hypothesis that the disappearance of

the diurnal rhythm in HIOMT activity in blinded fish was due to the

disruption of direct illumination to the gland by the expanded

melanophores.

The surgical preparation of the animals was identical to the

procedure used in the blinding experiment except that a flap of skin

immediately over the pineal was removed with a scalpel. A group of

control fish which underwent only the skin removal were also tested

at the same time. On the sixth day after the operation the fish

(19. 5 cm - 21. 5 cm) were sampled at 1930 h and 2330 h. The fish

were on a 12L:12D photoregimen during the experiment. The sampl-

ing and assay techniques were the same as those described in the

12L:12D experiment.
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The Influence of White Background on HIOMT Activity

The results of preliminary blinding experiments suggested

that background color could dramatically affect the HIOMT rhythm

in fish. The following experiment was designed to investigate this

influence.

Untreated fish (14. 5 cm - 16. 5 cm) were taken from tank 2

and transferred to two white perforated buckets (20 fish per bucket)

and held under a 8L: 16D photoregimen. Following a 40 h adaptation

period, sampling began and was carried out in a manner identical to

that described for the 8L:16D photoperiod study. The enzyme assay

was also the same except that the pineal glands from three fish

were pooled per sample.
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RESULTS

The Effects of Different Photoperiods
on HIOMT Activity

As illustrated in Figures 1, 2, and 3, the onset of darkness

was accompanied by an increase in HIOMT activity in all photo-

regimens. In the 16L:8D photoperiod (Figure 1) the 2400 h value

was significantly greater (p < 0. 05) than the 2000 h value. Another

interesting aspect of this activity pattern was the gradual decline in

HIOMT activity during the light period. This differs somewhat from

the pattern seen in the next two figures (Figures 2 and 3), where the

onset of the light period is followed by a precipitous drop in HIOMT

activity.

In the 8L:16D and 12L:12D photoperiods (Figures 2 and 3) the

pattern of HIOMT activity was quite similar. The onset of darkness

was followed by a rapid increase in HIOMT activity. The level of

activity was maintained throughout the dark period and then dropped

quickly upon the onset of the light period. In the 12L: l2D experiment

the 2130 h value (sampled four hours into the dark period) was

significantly greater (p < 0. 05) than the 1730 h value (sampled at

the end of the light period).

It was also noted that the absolute values obtained in the 8L:16D

(Figure 2) experiment were considerably higher than the absolute
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Figure 1. Melatonin production in 100 p.1 of a pooled homogenate
(500 pl total volume) of five pineal glands from juvenile
steelhead trout held in a 16L:8D photoperiod was recorded
over a 24 h period. Each point represents the mean ±
S. E. of the activity of 6-8 separate pooled homogenates.
2400 h activity is significantly greater (p < 0. 05) than
the 2000 h activity. The dark portion of the photoperiod
is designated by a solid line.
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Figure 2. Melatonin production in 100 ill of a pooled homogenate
(500 pi total volume) of five pineal glands from steelhead
trout held under a 8L:16D photoregimen was recorded
over a 24 h period. The points represent the mean ±
S. E. of the activity of four separate pooled homogenates.
The dark portion of the photoperiod is designated by a
solid line.
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Figure 3. Melatonin production in 100 41 of a homogenate (150 p.1
total volume) of one pineal gland from a steelhead
trout was recorded at four times over a 24 h period
while the fish were under a 12L:12D photoperiod. The
points represent the mean ± S. E. of the activity of 6-8
separate homogenates. The 2130 h value was signi-
ficantly greater (p < 0. 05) than the 1730 h value. The
dark portion of the photoperiod is designated by a solid
line,
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values obtained in the 16L:8D experiment (Figure 1). Since the fish

used in these two experiments were the same size and age, the

elevated activity levels seen in the former experiment might be

attributable to a buildup of endogenous HIOMT induced by the long

period of darkness each day.

Adaptation Time to Green Buckets

The necessity of using holding buckets demanded that an

estimate of adaptation time be determined. Since the HIOMT activity

pattern had been established for a 16L:8D photoregimen, it was felt

that a comparisonof values recorded at two different times under a

16L:8D photoregimen from fish held in buckets could be made with

the corresponding values determined in the control experiment.

Any deviation in the relative difference between these two values

from that seen in the controls would indicate a disruption of the

characteristic pattern of HIOMT activity in this photoperiod. The

shift in sampling time on the third day from 1000 h to 1200 h was

prompted by the suspicion that two hours between sampling was not

sufficient time for the fish to recover from the stress of the 0800 h

sampling.

As illustrated in Figure 4, on the first and second day after

the transfer to the buckets there was a tendency for the second read-

ing to be elevated in comparison to the first reading. By the third
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Figure 4. Melatonin production in 100 ill of a homogenate (150 µ1
total volume) of one pineal gland from a juvenile steel-
head trout was expressed as a function of the number of
days after the transfer of fish from the main tank to
green, perforated buckets. The fish were sampled at
two times each day during the light portion of a 16L:8D
photoregimen. Column heights represent the mean ±
S. E. of the activity of three separate homogenates.
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day this tendency had disappeared, although on the fifth day the 1200 h

value is slightly elevated. According to the control response (Figure

1), little difference in activity between the two sampling points should

occur. If any difference would appear, it would probably indicate a

slight decrease in activity at the second sampling time. This pat-

tern appeared on the third day in this experiment and it was decided

that the fish should be allowed at least three days to adjust to buckets

before beginning any experiment.

Adaptation Time to Changes in Photoperiod

Since an increase in HIOMT activity during the first four hours

of darkness was a characteristic response in steelhead, it was felt

that the time required for this pattern to reappear following a change

in photoperiod would be a good estimate of adaptation time with

regard to pineal HIOMT activity. Changes in the relative values of

the two points (1730 h and 2130 h) were represented by the ratio of

the mean activity at 2130 h over the mean activity recorded earlier

at 1730 h. Thus, a ratio value of 1. 00 would indicate that the mean

values collected that day were identical for both sampling times.

Ratio values above 1. 00 indicate an increase in HIOMT activity during

the four hour interval whereas ratio values below 1. 00 indicate a

decrease in HIOMT during this interval. The control ratio (Day -1)

was obtained from samples taken 24 h prior to the change in
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photoperiod while the fish were still on a 16L:8D photoperiod. As

illustrated in Figure 5 the value for the control ratio indicated that

the HIOMT activity dropped slightly during the four hour interval.

This was expected since the lights went off at 2130 h and thus this

interval represented the last four hours of the light portion of the

photoperiod. The next day (Day 0) during the light period the auto-

matic timer was adjusted so that the onset of darkness occurred at

1730 h. The ratio value obtained on this day was quite similar to the

control value. However, now the sampling interval represented the

first four hours of darkness. On the second day after the photo-

period change the ratio value increased abruptly and subsequent

samplings on the sixth and ninth days after the change indicated that

maximal differences were achieved after at least two days following

a four hour increase in the dark portion of the photoperiod. The fact

that the characteristic rise failed to occur immediately (Day 0) upon

a change in photoperiod suggests the possible presence of an

endogenous rhythm which requires a number of hours to become

re- synchronized.

The Effect of Blinding on the Diurnal HIOMT Activity

Bilateral enucleation caused a cessation of rhythmicity in

HIOMT activity (Figure 6). Although the fish were maintained on

a 12L:12D photoperiod there was no rise in activity during the dark
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Figure 5. The ordinate values are ratios of the mean melatonin
production in 100 p,1 of homogenates (150 µl total
volume) of single steelhead trout pineal glands sampled
at 2100 h over the mean melatonin production of similar
homogenates sampled at 1700 h. The abcissa represents
the number of days after a change from a 16L:8D
photoperiod to a 12L:12D photoperiod. At day -1 the
onset of darkness was 2100 h. On all other days the
onset of darkness was 1700 h. The ratios were com-
puted from means obtained from 3-4 separate homo-
genates.
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Figure 6. Melatonin production in 100 p,1 of homogenates (150 Ill
total volume) of single pineal glands from bilaterally
enucleated steelhead trout was recorded at four sampl-
ing times during a 24 h period. Each point represents
the mean ± S. E. of production of 3-7 separate homo-
genates. The dark portion of the photoperiod is
designated by a solid line.
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portion of the photoperiod. The maximum level of activity obtained

was comparable to the low values seen in the 12L:12D experiment

(Figure 3) where the fish were of similar size.

The Effect of Constant Darkness on HIOMT Activity

In order to simulate the blinded condition without the accom-

panying trauma, a group of intact fish were maintained in constant

darkness for six days. If an endogenous rhythm did persist in con-

stand darkness, it would be expected to simulate the 12L:12D

pattern since the fish had been entrained upon this photoperiod prior

to the onset of constant darkness. As seen in Table 1 the 1230 h,

1930 h, and 2330 h mean values were essentially the same. The

0730 value, however, was elevated. The mean was arrived at by

averaging samples 12 and 14 only. Fish no. 13 was found to have

an injured eye and was eliminated from the study. The high value

seen for the injured fish, suggested a possible injury to fish no. 12

as well, since that reading was unusually high. Another point of

concern was no. 5 which showed unusually low activity. It was

decided to duplicate the experiment in order to develop better

statistical confidence, especially at 0730 h. It was felt that added

numbers would diminish the significance of the suspect values.

Unfortunately, a duplicate experiment was postponed until later.

During the delay, fish size and water temperature increased, which
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resulted in increased incidence of infection due to injury sustained

in collisions with the bucket walls. As a result mortality was high

and a duplicate experiment could not be done. Even without further

corroboration the initial data suggested that constant darkness

obliterated the HIOMT rhythm just as blinding did. Although the

possibility of a shift in an endogenous rhythm cannot be entirely

discounted, it would seem improbable due to the close similarity of

the three reliable readings. Also, in an experiment which utilized

the same procedure as previously mentioned, except that fish were

sampled directly from the main tank, no statistical significance

could be demonstrated between 0730 h and 1930 h values when nine

fish were sampled at each time (Figure 7).

The Effects of Capping on HIOMT Activity

In order to study the effects of direct illumination of the pineal

gland on pineal HIOMT activity, black polyethylene caps were

surgically placed on top of the skulls of intact fish. The caps were

fashioned individually for each fish and were large enough to cover

almost the whole dorsal surface of the head. Although the pineal

region was considerably smaller, the overlap was intended to elimi-

nate impingement of light beneath the edges. Two plies of 4 mil

black plastic were considered thick enough to prevent penetration

of light since the same thickness successfully eliminated light



Table 1. Pineal melatonin production in 100 p.1 of homogenate (150 p,1 total volume) of one steelhead
trout pineal gland recorded at four sampling times following six days of constant darkness.

Sampling
time

Sample
no.

p,p,moles melatonin/
hour X ± S. E.

1 61.1

1230h 2 38.7 57.7 ± 10. 2
3 73.4

4 52.4

1930 h 5 15.7 50.4 ± 12.3
6 72.1

7 61.2

8 55. 3

2330 h 9 46. 6 52.9 ± 2. 8

10 50. 2

11 59. 4

12 87.7
a a0730 h 13 77.7 71. 9

14 56.1

aFish No. 13 was eliminated from the study due to an injured eye. Since only two fish were used to
determine the mean, no S. E. was included for that determination.
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Figure 7. Melatonin production in 100 ill of homogenates (150 Ill
total volume) of single pineal glands of steelhead trout
after six days of constant darkness was recorded at
0730 h and 1930 h. The column height represents
mean ± S. E. of production of nine separate homogenates.
The photoperiod prior to constant darkness was 12L:12D
with the onset of darkness at 1930 h.
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penetration into the hooded tank. The fish were maintained on a

12L:12D photoperiod and sampled at 1930 h and 2300 h. The lights

went off at 1930 h so the 2330 h sampling took place four hours into

the dark period. The 2330 h value was significantly greater (p < 0. 01)

than the 1930 h value (Figure 8). This indicated that direct illumina-

tion of the pineal was not necessary for the characteristic response

of HIOMT to changes in lighting.

The Effect of Surgical Exposure of the Pineal Region
on HIOMT Activity

To further test the influence of direct illumination of the pineal

on HIOMT activity, a group of fish were blinded and then the pineal

was surgically exposed by removing the pigmented layers of skin

immediately over the gland. The fish were held on a 12L: 12D photo-

period with the onset of darkness at 1930 h. As illustrated by

Figure 9, there was only a slight, insignificant increase in HIOMT

activity in the first four hours of darkness in the fish both blinded

and exposed. In the group of fish with intact eyes the tendency for

elevated 2330 h values was more apparent although still not

statistically significant at the 95% confidence level. Fewer fish

were sampled in this group and it seemed probable that significance

could be achieved with added numbers.
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Figure 8. Melatonin production in 100 11,1 of homogenates (150
total volume) of single pineal glands from steelhead
trout capped with black polyethylene for four days was
recorded at 1930 h (just prior to onset of darkness)
and at 2330 h (four hours into the dark period). Prior
to and during the experiment fish were held on a 12L:
12D photoregimen. The column height represents the
mean ± S. E. of production of 7-8 separate homogenates.
Column shading indicates that fish were sampled in
the dark portion of the photoperiod. The 2330 h value
is significantly greater (p < 0. 01) than the 1930 h value.
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Figure 9. Melatonin production in 100 µl of homogenates (150 [11
total volume) of single pineal glands from steelhead
trout following two surgical treatments was recorded
at 1930 h (just prior to onset of darkness) and 2330 h
(four hours into the dark period). Fish were held on
a 12L:12D photoregimen. Surgical treatments were
designated by EX (surgical exposure of the pineal
region only) and BL + EX (surgical exposure of the
pineal region in addition to bilateral enucleation).
Column height represents the mean ± S. E. of produc-
tion of seven separate homogenates for the BL + EX
fish and three separate homogenates for the EX fish.
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The Effects of White Background Color
on HIOMT Activity

In the preliminary stages of the blinding experiments it was

noticed that fish held in white buckets failed to show the expected

characteristic responses to changes in lighting. A subsequent

investigation utilizing a 8L:16D photoregimen showed that peak

HIOMT activity occurred at the end of the light period (1600 h) while

low activity was associated with the dark portion of the photoperiod

(Figure 10). This reversal in HIOMT activity response to lighting

may be due to an inadequate adjustment time to the new environment

since the transfer to the white buckets occurred only 40 h prior to

sampling. However, there is other evidence to suggest that the

change in enzyme pattern could be related to the abrupt change in

background color.
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Figure 10. Melatonin production in 100 µl of pooled homogenates
(500 µl total volume) of three pineal glands from steel-
head trout held on a white background was recorded
at six times during a 24 h period. The fish were held
on a 8L:16D photoregimen with the onset of darkness
at 1600 h. The points represent the mean ± S. E. of
production of 4-10 separate homogenates. The dark
portion of the photoperiod is designated by a solid line.
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DISCUSSION

The initial problem to be solved, as mentioned earlier, was

the possibility that HIOMT activity in the pineal of steelhead trout

was photodependent. Positive correlations had been reported

between pineal HIOMT activity and environmental lighting in

mammals. Investigations utilizing continuous light or dark condi-

tions, demonstrated that HIOMT activity in rats was higher in the

dark in comparison to values obtained in the light (Wurtman et al.

1963; Axelrod et al., 1965; Wurtman et al. , 1964). In avian species

the reported effects of continuous light or dark were directly opposite

with the high activities occurring in the light periods (Axelrod et al. ,

1964; Oishi and Lauber, 1973). This early evidence suggested that

pineal HIOMT activity may be diurnal in nature. In 1965 it was

demonstrated that in rats pineal HIOMT activity was dependent upon

environmental lighting (Axelrod, Wurtman, and Snyder, 1965). In

animals under a 12L: 12D photoregimen, a diurnal rhythm was

evident when sampling took place every six hours. Particularly

dramatic was the rise of activity in the initial hours of darkness.

This response could be eliminated by constant light and constant dark

conditions or a single additional five hours of light. This evidence

strongly suggested that pineal HIOMT activity in rats was photo-

dependent with darkness initiating an increase in activity.
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In teleosts little work has been done in terms of biochemically

characterizing the pineal HIOMT activity. Smith and Weber (1974)

investigated the possibility of a diurnal rhythm in pineal HIOMT

activity in trout. They were able to demonstrate a diurnal rhythm

in pineal HIOMT activity which showed similarities to the rhythm

found by Axelrod (1965) in rats. Of particular importance was the

fact that the activity rose at night, a characteristic response seen in

rats.

In this thesis an effort was made to characterize this rhythm

more fully. Indoor tanks were used so that lighting, water tempera-

ture, feeding and other parameters could be more easily controlled.

The results obtained showed that HIOMT activity in steelhead trout

was photodependent. In all three photoregimens there was a

characteristic rise in HIOMT activity in the first four hours of

darkness (Figures 1, 2, 3). Also in the 8L:16D and 12L:12D photo-

regimens it could be clearly seen that high HIOMT activity was

associated with the dark portion of the photoperiod. This tendency

was not as great in the 16L:8D photoregimen, however, a gradual

decrease in activity was evident in the light portion of this photo-

regimen. It should be emphasized that in all three experiments not

only were the photoregimens different but also the onset of the dark

period was different. Thus, characteristic rises in the initial interval
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of darkness were photodependent and not just coincidental rises due

to an endogenous rhythm.

The results reported here would appear to be in opposition to

those reported earlier by Hafeez and Quay (1970) who used rainbow

trout. They felt that there was no influence of constant light and

dark on HIOMT activity. Differences in methodology might explain

this conflict. In their experiment, diurnal activity was never con-

trolled for and only one sampling time was used in all groups of fish.

It is not unreasonable to suppose that the lack of difference between

the L:L and the L:D fish could simply be due to a coincidental sampl-

ing of the L:D fish at a particular point in the diurnal cycle where

HIOMT activity corresponded well to the L:L activity. The D:D

activity values were gathered at a different time and coincidental

values due to the endogenous rhythm might again be suggested.

Perhaps a more likely explanation would be that the expected high

values in the D:D situation were obscurred by incomplete removal

of the pineal. The diffuse nature of the gland and the weak red light

used for disection combine to make such removals questionable,

as admitted by the authors. This fact along with the fact that they

were using wet pineal weight to normalize their data, could easily

mask any real differences. Also the background color in the tanks

was not mentioned, which could dramatically affect the HIOMT

activity.
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Since HIOMT appeared to be photodependent in steelhead trout,

it was decided that the route by which environmental lighting

information reaches the gland should be investigated. It was, thus,

necessary to perform certain surgical operations. In order to be able

to retrieve these treated fish readily, holding containers had to be

used. As described earlier, an experiment was designed to test the

adaptation time for pineal HIOMT following a transfer to green

holding buckets. From this experiment it was roughly estimated that

at most three days was required for the normal pattern of HIOMT

activity to reappear following transfer to the green buckets. This

estimate may be somewhat long since the earlier data that was col-

lected was considered to be unreliable. Further investigation may

very well show a shorter adaptation time than was employed in the

following experiments.

Before proceeding into the effects of blinding upon HIOMT

activity, the post-treatment interval had to be ascertained.

Theoretically, blinding and capping might be expected to alter the

photoperiod information available to the pineal. For sampling

purposes it was necessary to get an estimate of the time needed for

the enzymatic activity of the pineal to stabilize following a change

in photoperiod. The control ratio value, recorded 24 h prior to

photoperiod change, showed the anticipated decrease in activity,

since it represented the last four hours of the light portion of the
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photoperiod. On the next day (day 0) the photoperiod was changed

and now the ratio expressed the change in HIOMT activity during

the first four hours of darkness. By day two the ratio had increased

markedly indicating that the characteristic increase in HIOMT

activity had reappeared. All subsequent samplings showed similar

ratio values. It appeared that pineal enzymatic adjustments to a

four hour decrease in the light period was complete after two days.

Although the evidence indicated a rapid adjustment to changes in

photoperiod, in subsequent experiments four to six days were

allowed following treatments' to insure proper' adjust-

ment.,

Investigation continued into the route by which photoperiod

information reaches the pineal. The influence of the eyes was

studied first. Fish were bilaterally enucleated, after which HIOMT

activity was monitored. It was found that HIOMT rhythm is

abolished by blinding. This effect was possibly due to surgical

trauma rather than deprivation of photic imput. However, intact

fish held in constant dark conditions also lost rhythmic HIOMT

activity. These fish displayed a high level of HIOMT activity in

contrast to the blinded fish. Thus blinding appeared to have two

effects. Deprivation of photic imput abolished the rhythmicity while

trauma seemed to affect the magnitude of HIOMT activity that

remained. These results strongly indicated that the eyes mediate
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photic information to the pineal. However, there was evidence indic-

ating a possible regulator mechanism whereby direct stimulation of

the pineal in teleosts and amphibians could lead to enzymatic

responses. It had been known for some time that pinealocytes con-

tain photoreceptor organelles and pigments (Locy, 1893; Hafeez and

Ford, 1967; Steyn, 1959; Omura, Kitak, and Oguri, 1969; Hartwig

and Bauman, 1974). These cells had also been shown to contain

secretory-like granules (de Iraldi and Suburo, 1971). Electro-

physiological evidence in lower vertebrates showed that the pineal

could respond to direct illumination by altering the frequency of

nerve impulses in the pineal stalk (Dodt, 1963; Morita and Dodt,

1965; Morita, 1966; Hanya, Nuva, and Tamura, 1969). The nervous

output was shown to be related inversely to the intensity of light

(Moita and Dodt, 1965; Morita, 1966). It had been suggested that

in lower vertebrates light, directly impinging on the pineal via the

skull, inhibits nervous activity of the pinealocytes which in turn

decreases melatonin production (Kappers, 1971). Thus, in darkness

the inhibition is released and melatonin production increases. This

was particularly appealing hypothesis since anatomical evidence

indicated that some species of fish have developed elaborate means

of insuring direct stimulation of the pineal. Rivas (1963) has

described in bluefin tuna a "pineal apparatus" which facilitates light

penetration through the skull to the pineal. In other species, where
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the pineal is more accessible to light, chromatophores over the

pineal region can control the amount of light penetrating the skull

(Breder and Rasquin, 1950; Hoar, 1955).

This evidence stimulated a closer appraisal of the blinding

effects seen earlier. It has been shown that blinding causes a

generalized darkening of the skin in salmonids (Neill, 1940). It

became important to determine whether the cessation of HIOMT

rhythm in blinded fish was due to the absence of photic imput or

due to interference with the direct illumination of the gland due to

skin darkening. Capping did not alter the characteristic increase

in activity during the first four hours of darkness. A second study

was initiated in an effort to corroborate the results obtained by cap-

ping. Fish were blinded as before but now direct illumination of the

pineal region was insured by surgically removing the skin above

the pineal. This procedure failed to reverse the effects of blinding.

Therefore, in steelhead trout, lighting information, necessary

for the establishment of a HIOMT activity rhythm in the pineal gland,

seemed to be conveyed to the gland by a route starting with the eyes.

This mode of control has been substantiated in mammalian species.

In rats the effects of constant light and dark could be abolished by

bilateral enucleation or superior cervical ganglionectomy (Wurtman,

Axelrod, and Fischer, 1964). Also the characteristic rise in HIOMT

activity upon onset of darkness under diurnal lighting conditions
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could also be abolished by bilateral enucleation and superior cervical

ganglionectomy (Axelrod, Wurtman, Snyder, 1965). It has become

accepted that the rhythmic activity of HIOMT in rats is mediated by

the eyes via the sympathetic nervous system. It is interesting to

note, however, that a non-retinal pathway of light to the pineal gland

of newborn rats has been reported (Zweig, Snyder, and Axelrod,

1966). In experiments utilizing 12 day old rats, it was shown that

blinded animals could respond to four additional hours of lighting as

evidenced by the failure of the pineal serotonin levels to decline

with darkness. Hooding these rats completely abolished this response.

By 27 days the blinded rats showed no response to additional lighting.

Although the rhythm studied involved serotonin and not melatonin,

it did give evidence which implied that one cannot automatically

assume retinal mediation of environmental lighting information to the

pineal even in mammalian species. Although my results did not

indicate a non-retinal pathway, an age factor might be the reason

it was not seen. There are a number of references in the literature

which cite a more functional role for the pineal in the early life

stages of amphibians, prior to complete development of the eyes

(Wyman, 1924; McCord and Allen, 1917; Young, 1935; Joss, 1973),

In the course of these investigations a development occurred

which led to some interesting observations. It was observed that

the diurnal rhythm in pineal HIOMT in trout could be altered not only
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by changing the photoperiod but also by changing the background color

of the holding tanks. Fish held on a white background showed an

increase in HIOMT activity during the light period which was in direct

opposition to the decrease in activity seen in the light period in fish

on a dark background. It was also noticed that the fish on a white

background took on a very blanched appearance. No one had yet

shown any correlation between the biochemical aspects of teleost

melatonin synthesis and alterations in body coloration, even though

melatonin has been suspected to be involved in body coloration in

teleosts. McCord and Allen (1917) demonstrated that the ingestion

of pineal extracts could cause a dramatic blanching in tadpoles.

This led to an intensive research effort attempting to establish a

possible hormonal role for the pineal in body pigmentation in lower

vertebrates. Although early reports were often contradictory, a

sizeable body of literature accumulated which suggested that the

pineal could very well be involved in pigmentary responses (Swingle,

1921; Huxley and Hogben, 1922; Wyman, 1924; Young, 1935; Hoary

1955; Bagnara, 1960, 1963; Brick, 1962; Charleton, 1969; Eddy

and Strahan, 1968; Reed, 1968; Hafeez and Quay, 1970b; Joss, 1973).

In 1958, Lerner et al. , isolated from 1ovine pineal extracts the sub-

stance responsible for the blanching of amphibian skin, melatonin.

Since then melatonin has been found in teleost pineals and it has

been shown that the teleost pineal is capable of producing melatonin
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in vitro (Fenwick, 1970; Hafeez and Quay, 1970a; Quay, 1965; Smith

and Weber, 1972, 1974). Salmonids take on a blanched appearance at

night (Neill, 1940), which as demonstrated here was the time of

highest HIOMT activity and presumably highest melatonin secretion.

This evidence, although supportive of a hormonal role for

the teleost pineal in body coloration, dealt exclusively with responses

to changes in intensity of illumination. There are few references in

the literature concerning the involvement of the pineal in pigmentary

adaptations to changes in background color. Possibly this is due to

the fact that it is felt that the lateral eyes control background

responses in pigmentation, since blinding effectively obliterates

any differences due to background influences (Laurens, 1915;

Wykes, 1938; Hafeez and Quay, 1970b), and also Neill (1940) points

out that the development of background response corresponds well

with the development of the eyes in Salmo salar and Salmo

trutta. However, Baker and Hoff (1971) were able to demonstrate

in Xenopus larvae that brain HIOMT activity was significantly greater

in larvae held in light on a light background in comparison to those

held in light on a dark background. In amphibian larvae this would

correspond to periods of primary contraction and secondary expan-

sion of the subdermal melanophores respectively (Laurens, 1915).

Thus, Baker and Hoff's results with amphibians reflect what was

seen in young steelhead, i, e. , under background conditions which
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cause blanching HIOMT activity is high. Along these lines, Neill

(1940) observed that the pigmentation adaptation time in fish going

from a white background to a dark background in light is prolonged

(10 h) in comparison to the reverse situation (0. 5 h). More recently,

Hafeez (1970) noted that the administration of melatonin could retard

background adaptation in fish when moved from a white to a dark

background in light. It is also interesting to note that fish held in

light on a white background attained a low melanophore index' (blanched)

equal to fish held in co,nstant dark (Neill, 1940). Evidence presented

here suggested that melatonin production was high under both these

circumstances which might explain the blanching Neill observed.

Thus, while the prevailing feeling is that adaptive pigmentation

to background color in teleosts is controlled predominantly by

nervous activity (Young, 1935; Neill, 1940; Hafeez and Quay, 1970b),

there might also exist a secondary hormonal reinforcement and that

the pineal gland may play a role in this reinforcement by its dif-

ferential production and secretion of melatonin leading to a direct

or indirect action on body pigmentation. This might prove to be

particularly true of the very early developmental stages of fish as

they emerge from the retes. Nervous control of body coloration

may be yet incomplete at this time and hormonal influences my

predominate.

Because of the importance of adaptive body pigmentation in
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lower vertebrates most research efforts dealing with teleost and

amphibian pineals were directed toward establishing a relationship

between the pineal and pigmentation. Surprisingly few researchers

have looked for other possible neuroendocrine relationships in

lower vertebrates even though an impressive accumulation of such

data has been amassed by scientists using mammalian species.

This enigma is even more puzzling since those few that have tried

in lower vertebrates have been able to demonstrate some interesting

phenomena. Therefore it was felt that it might be beneficial to

examine some of these isolated observations, as well as some of the

major findings from mammalian research in order to suggest some

possibly fruitful areas of pineal research.

As mentioned earlier initial impetus for this thesis was

provided by the possibility that the pineal may act as a photo-

chemical transducer involved with the timing of migratory movements

in anadromous fish.

Such movements in steelhead trout are preceded by physio-

logical and behavioral changes associated with various endocrine

systems. The thyroid has been suspected of playing a prominent

role in creating this "migratory disposition" (Baggerman, 1959,

1960a, 1960b, 1962, 1963; Hoar, 1963; Hoar, Kennleyside and

Goodall, 1955; Hoar, Mackinnon, and Red lick, 1952). Baggerman,

in a series of publications, showed in migratory species of salmonids
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a correlation between thyroid activity and salinity preference.

Using thyroid inhibiting agents she was able to show that low thyroid

activity-was associated with freshwater preference and high thyroid

activity with saltwater preference (Baggerman, 1963). Although

freshwater might be expected to have a goitrogenic effect due to

the low iodine concentration, it has been hypothesized that anadro-

mous fish have a highly efficient iodine trap in the thyroid and the

demands of osmoregulation at sea causes an increase in thyroid

activity (Hoar, 1959). Another possible role for the thyroid in

migration has been exponded by Hoar (1963). He felt that thyroxine

and other hormones might simply play a permissive role, i. e.

they increase metabolism and alter the responsiveness of the fish

to external stimuli. This, in turn, would bring about appetitive

behavior in an animal which was more susceptible to direct

migratory influences. It has been shown that thyroxine can cause

fish to increase their locomotor activity as well as increase their

sensitivity to electrical stimuli (Hoar, Kennleyside, and Goodall,

1955; Baggerman, 1960a, 1962; Hoar, Mackinnon, and Redick,

1952). Thyroid activity in anadromous fish also appears to be under

photoperiod regulation, which would insure the proper seasonal

synchrony with migration (Baggerman, 1960b, 1959). Photoperiod

also controlled pineal HIOMT activity in juvenile steelhead and

there have been studies that implicate the pineal with changes in
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thyroid function. In mammals, the pineal product melatonin has

been demonstrated to have an inhibiting effect on the thyroid (Panda

and Turner, 1968; Bashieri et al., 1963; De Prospo, De Martino,

and McGuinness, 1968). Since HIOMT activity was on the decline

during the light period, melatonin production during long photo-

periods might be expected to be relatively depressed. In spring,

long photoperiods might lead to an increase in thyroid activity,

possibly due to a release from melatonin inhibition. The increased

thyroid activity may then induce the saltwater preference and

appetitive behavior discussed previously. It has been demonstrated

that melatonin or dark conditions can depress locomotor activity

in young salmon (Byrne, 1970; Hoar, Kennleyside, and Goodall,

1955). Fenwick (1970) has also demonstrated that pinealectomized

goldfish show an increased responsiveness to light and electrical

stimuli, suggesting the increased alertness proposed by Hoar (1963)

with regard to thyroid activity.

Migration of steelhead smolts necessitates physiological

alterations in osmoregulatory mechanisms in order for fish to

tolerate the changes in salinity such moves entail. Endocrine

relationships in osmoregulation in teleosts are still quite sketchy.

However, a number of authors have stated that teleost prolactin may

play a very important role in osmoregulatory mechanisms (Bern,

1967; Perry, 1966). Prolactin has been implicated in the ability of
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saltwater adapted sticklebacks to tolerate abrupt transfer to fresh-

water and also in freshwater tolerance in hypophectomized fish

(Lam and Leather land, 1969; Lam, 1968; Lam and Hoar, 1967;

Schriebman and Kallman, 1966; Pickford and Phillips, 1959).

Possible pineal involvement in osmoregulation might be inferred

from certain mammalian studies. In rats, constant dark situations

and melatonin administration (i. v. c. ) increased plasma prolactin

levels (Kamberi, Mical, and Parter, 1971; Relkin, 1972). The

effects of constant darkness could be abolished if the animals were

pinealectomized (Relkin, 1972, 1973). However, the role of the

pineal in prolactin regulation has been shown to be far from simple

since blinding and olfactory bulbectomy can inhibit the effects of

pinealoctomy, as can Na deprivation (Donofrio and Reiter, 1972;

Relkin, 1973; Shiino, Arimura, and Rennels, 1974). Despite the

dirth of information in this area, it i3s interesting to speculate that

perhaps the lengthening photoperiod of spring could lead to a rela-

tive decrease in melatonin production, bringing about a decrease in

plasma prolactin. Consequently, the smolts ability to osmoregulate

in freshwater becomes imparied, necessitating, or facilitation,

a seaward movement.

Another interesting aspect of migration in steelhead trout

and other anadromous fish is the parr-smolt transformation or

metamorphosis. It has been demonstrated that at this time in their
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development juvenile salmonids show an accelerated growth rate

(Baggerman, 1960a). Some of the early pineal studies were con-

cerned with the possible regulatory action of the pineal on growth

rate and metamorphosis. Addair and Chidester (1928), expanding

some earlier work by Dana and Berkeley (1913) and McCord (1914,

1915), demonstrated that pineal extracts hastened the rate of meta-

morphosis in frogs. Huxley and Hogben (1922) concluded that the

pineal played an active role in metamorphosis in amphibians.

More recently it has been demonstrated that constant darkness and

melatonin administration led to a decrease in plasma growth

hormone (GH) levels in mammals (Relkin, 1972; Smythe and Lazarus,

1974a, b). Furthermore, pinealectomy could abolish this response

(Relkin, 1972). This seemed to be in disagreement with the earlier

investigators, who felt that the pineal stimulated growth. The

problem might be resolved by the observations of Smythe and

Lazarus (1974a, b) that melatonin initially elevated plasma GH levels

but subsequently decreased plasma GH levels. Since serotonin

antagonists exhibited the same effects (Smythe and Lazarus, 1974b)

and since melatonin has been shown to inhibit the action of serotonin

in other tissues (Quastel and Rahaminoff, 1965; Rahaminoff and

Bruderman, 1965; Rahaminoff, Bruderman, and Golshani, 1965),

Smythe and Lazarus felt that melatonin acted as a, agonigt,

which would explain the initial stimulation followed by a blockade.
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Serotonergic enervation in the hypothalamus might be responsible

for GH responses and the pineal might alter this control by secretion

of melatonin. It is interesting to note that McCord and Allen (1917)

were able to separate the "blanching principle" from the "growth-

stimulating principle" by crude extraction techniques. Perhaps

their "blanching extract" contained melatonin while their "growth

extract" contained serotonin, which is also found in the pineal gland.

In terms of migration, the lengthening daylight periods in spring,

which are associated with smoltification in steelhead, may cause a

decrease in melatonin production. This might facilitate the rapid

growth characteristics seen at this stage by freeing serotonergic

nerves in the hypothalamus from melatonin inhibition.

Pineal involvement in other endocrine systems is highly

documented. Only a few systems considered important in the

migration of anadromous fish were considered here. Certainly the

theories put forth are highly speculative and verification would

entail a tremendous research effort. It is hoped that the small

contribution made by this thesis can help stimulate further research

in this exciting area.
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APPENDIX I

The pineal gland has had a rather long and colorful history.

The writings of the ancient Greeks indicate that they were familiar

with the gland. Such notables as Galen and Descartes attached a

good deal of significance to the pineal, which they felt was involved

with the flow of thoughts and, was, perhaps, the seat of the soul

(Axelrod, 1970). With the advent of modern research techniques

investigation into pineal function diverged into two general areas.

These areas are mammalian research and lower vertebrate research.

Except for two or three prominent exceptions no "cross fertilization"

occurred between these two camps. The following account deals

primarily with the evolution of thought concerning pineal function in

non-mammalian vertebrates with particular emphasis on teleosts.

Pertinent information gathered from mammalian studies was also

included.

The earliest knowledge of the teleost pineal can be found in the

brief accounts of Cuvier, Carus, Gottsche, and Stannius (Hill, 1894).

The major concern of these reports was simply the acknowledging of

the pineal's existence and the description of its macroscopic

appearance (Hill, 1894). In 1894, Hill attempted a more extensive

study of the fish pineal but it too was strictly histological,

scrupulously avoiding any hypothesis as to function. The
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histological work of Hill (1894) as that of Locy (1893) and Holmgren

(1918) led to an early suspicion that the pineal gland in lower verte-

brates was possibly a photoreceptor or "third eye. " In 1911, two

papers were published by Karl von Fisch that had a tremendous

impact on teleost and amphibian pineal research. Von Frisch found

that blinded fish could alter their body coloration in response to

changes in environmental lighting. Von Frisch was aware of the

early evidence showing the similarities between the pineal and the

eyes as well as the anatomical position of the teleost pineal. This

led him to suspect that blind fish could respond to light via sensory

cells in the pineal or epithelium of the diencephalon. These observa-

tions were of great significance because they implicated the pineal

gland in the regulation of adaptive body coloration in lower verte-

brates, a phenomenon important in protection, predation, and

reproduction. Following the observations of von Frisch the vast

majority of pineal research in lower vertebrates, and especially

fish, was directed toward investigating the relationship between

the pineal and body coloration. This had the effect of demarcating

mammalian research from lower vertebrate research, since

adaptive body coloration in mammals was of relatively minor

importance. In 1914, Fuchs, a german colleague of von Frisch,

wrote a review on coloration in lower vertebrates in which he

relied heavily on the results of von Frisch (Laurens, 1916). Fuchs
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hypothesized that light stimulated the pineal which caused the output

of an 'impuse' which inhibited the endogenous contraction of pigment

cells that occurred at night. He felt this contraction was due to the

buildup of metabolic breakdown products in these cells. Fuchs also

held that the influence of the eyes on coloration developed later and

eventually overcame the contraction of the pineal. Fuchs' counter-

part in the United States at this time was the Yale scientist Henry

Laurens, a prominent authority on pigmentation in lower vertebrates.

Laurens' work did much to introduce a standardized approach to

body coloration research. He elucidated quite exactingly the normal

body coloration responses of Amblystoma larvae in terms of light

intensity and background color. He also introduced the idea of

primary and secondary responses involved in body coloration, a

point that previously was unknown or ignored by other investigators

(Laurens, 1915). In 1916, Laurens questioned Fuchs' theory of

pineal action. According to Fuch direct illumination of the pineal

should cause an expansion of melanophores. Laurens was unable to

demonstrate this reaction in adult frogs and therefore concluded that

the pineal gland of amphibians was not a significant factor in

adaptive body coloration.

In 1917, the first prominent interchange of ideas between

mammalian and teleost researchers occurred. McCord and Allen

(1917) showed that bovine pineal extracts, when fed to larval
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amphibians, could cause blanching of the skin. This seemed to

support the contention of earlier workers, who felt that the pineal

contributed in a hormonal fashion to adaptive pigmentation. At the

time of publication this implication was minimized out of deference

for the views of Henry Laurens, who dominated the American scene.

This discovery was rather fortuitous, in that McCord and Allen had

designed the experiment to study the effects of pineal feeding on

growth in frog larvae. McCord, who was a physician, was influ-

enced by the work of Dana and Berkeley (1931), who, along with most

mammalian researchers at the time, were interested in the hormonal

effects of the pineal on maturation. This emphasis in mammalian

research grew from the early observations of Heubner on the

acceleration of sexual maturation in children with pineal tumors

(Axelrod, 1970). Earlier, McCord had shown that pineal feeding

could accelerate growth in birds and mammals (McCord, 1914, 1915).

Interestingly, the unexpected blanching effect uncovered by McCord

and his co-worker, Allen, in 1917 received much publicity, while

the effects on growth, also reported, were largely ignored by other

investigators. McCord published another paper in 1917 dealing

with the role of the pineal in amphibian metamorphosis which was

apparently his last in this line of research. Over the next twenty

years there were sporatic efforts to revive his work but little
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interest was generated (Huxley and Hogben, 1922; Addair and

Chidester, 1928).

Meanwhile a number of authors were pursuing studies dealing

with the pineal and pigmentation in lower vertebrates with renewed

interest. A new aspect had arisen in pigmentary research. It was

reported that the pars intermedia of the pituitary contained a sub-

stance which could cause melanophore expansion (Atwell and

Marinus, 1918; Swingle, 1921; Atwell, 1921). It was hypothesized

that the pineal and pars worked against each other to give the proper

overall color, however, extirpation and transplantation experiments

often gave conflicting results. In 19 24 Wyman, from Harvard, gave

evidence suggesting that the pineal is active in body coloration in

amphibians only during the larval stages. This idea had been

expressed earlier by McCord and Allen (1917). This observation

seemed to explain many of the conflicts that had arisen.

In 1926 an English scientist, H. R. Hewer, studied the actions

of a number of endocrine secretion on body coloration in fish. He

observed no effects following administration of pineal extracts,

however, the amount of extract was not specified and routes of

administration were unphysiological. For a period of about ten

years little additional knowledge concerning the pineal and pigmenta-

tion in lower vertebrates was gathered. Then in 1935, J. Z. Young,

a graduate student of the eminent English scientist, Julius Huxley,
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published an excellent trestise on the role of the pineal in the body

coloration of lamprey. He demonstrated that larval forms are

affected greatly by pineal removal, losing their daily color rhythm

and becoming permanently dark. Adult lamprey only temporarily lose

their color rhythm following pineal removal, whereas eye removal

will permanently abolish this rhythm. Young's observations stim-

ulated debate as to whether or not pigmentary control in teleosts

and amphibians was under nervous or hormonal regulation. Over

the next few years a number of authors dealt with this problem and

it became accepted that nervous control was the predominent factor,

particularly in adults, but there was also evidence for a secondary

hormonal control (Abramowitz, 1936; Wykes, 1938; Neill, 1940). In

the 1950's significant contributions to teleost pineal research were

made by Priscilla Rasquin and C. M. Breder, who studied Mexican

cave fish. Their work, along with the studies of William Hoar,

showed that fish could control the amount of light impinging on the

pineal region and that the pineal was also involved in phototaxis

(Breder and Rasquin, 1947; Breder and Rasquin, 1950; Hoar, 1955;

Rasquin, 1958).

In 19 58 the isolation of melatonin by Lerner and his associated

ushered in the modern era of pineal research. Significant contri-

butions after this date are handled in the main body of the thesis

and will not be referred to in this appendix.



78

APPENDIX II

Sampling was done by sacrificing the fish and then excising the

top of the skull. The skull fragments were placed on dry ice. These

fragments later yielded one pineal each that was either pooled and

assayed as a single sample or assayed individually as a sample

depending upon the particular experiment.

The procedure employed for the assay of HIOMT activity was

a modification of a procedure previously described by Hafeez and

Quay (1970). The pineal glands were homogenized in 0.05 ml of

a 0.06 M sodium phosphate buffer, pH 7.9. The samples were then

centrifuged for 30 min at 20,000 rpm in a refrigerated ultracentri-

fuge to remove particulate matter. Aliquots (0. 10 ml) of super-

natent were transferred to two 15 ml glass-stoppered centrifuge

tubes, and 0.05 ml of a 1 lag/m1 solution of N-acetylserotonin

(Regis Chemical Co. , Chicago, Il. ) was added to one of the tubes,

while the control tube received an equal volume of doubly-distilled

water. Both tubes then received 50 mi.LCi of 14C-S-

adenosylmethionine (57 mCi/mmole, Amersham/Searle, Arlington

Heights) and were transferred to a Dubnoff shaking incubator. After

incubation for 15 min at 25oC, 0.25 ml of a 0.2 M borate buffer,

pH 10, and 2.5 ml of an 80-20% toluene-isoamyl alcohol solution were

added to the centrifuge tubes. The samples were hand-shaken for 2
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min and then the two phases separated by centrifugation. Two

milliliters of the organic phase were transferred from each tube to

separate scintillation vials and 1. 5 ml of 95% ethanol and 10 ml of

a liquid scintillation fluid (5 g 2, 5-diphenyloxazole, 0. 5 g dimenthyl

POPOP, in one liter of toluene) was added to each vial. All counting

was done on a Packard Tri-Carb liquid scintillation counter (Model

3380).


