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SATAKE, N AND B E MORTON Scotophobtn A causes dark avoMance tn goldfish by elevatmg pineal 
N-acetylserotomn PHARMAC BIOCHEM BEHAV 10(4) 449--456, 1979 --We had shown that synthetic rat scotopho- 
ban A caused several effects upon goldfish, apparently medmted by the pineal gland Here we report that norepmephnne 
decreased goldfish dark avoadance m a manner that was blocked by scotophobm or panealectomy Increased dark 
avoadance was caused by either propranolol or scotophobm alone Certain components of the pineal melatonm pathway 
also affected goldfish hght-dark preference serotonm, and especially N-acetylserotonm, increased dark avoadance, as dad 
the hydroxylndole-O-methyl-transferase (HIOMT) product mlubator, S-adenosyl-homocysteme Melatonln and 
S-adenosyl-methmnme were without effect m tMs regard thnealectomy prevented the dark avoidance increase caused by 
serotomn and N-acetylserotomn These data suggested that ancreased dark avoadance behavaor m goldfish was correlated 
with N-acetylserotonm buildup m the pineal, and that scotophoban could cause this, ff it were to mMblt pineal HIOMT To 
test ttus hypothesas the effect of vanous agents upon pineal melatomn levels was determined Scotophobln was found to 
both reduce pineal melatonm and to block the melatonm-mcreasmg effect of N-acetylserotonm This led to the discovery 
that, indeed, scotophobm was an effective mMbltor (Kilo, 6x 10 -r M) of purified bovine HIOMT 

Scotophobln lhneal gland Dark avoidance N-acetylserotonln Hydroxymdole-O-methyl-transferase 

SYNTHETIC scotophobin A is a peptide closely related to 
native scotophobin [17] which was isolated from the brain of  
rats trained with electric shock to avoid the dark [18] We 
have reported that this scotophobin-like peptide [8] caused 
several effects upon goldfish which required the presence of 
the pineal gland [15] These Include an increased sensitivity 
to shock, an increase in dark avoidance (also reported by 
others; [5,7]), and the prevention of  norepinephnne-induced 
chromatophore aggregation. Here, we inquire whether 
norepinephrine mtght also cause a pineal gland-dependent 
light-dark behavioral effect, and ff so, whether such might 
also be abolished by scotophobm 

A major function of the pineal gland is associated with the 
formation of  melatonin from serotonin via N-acetylserotonln 
(NAS) [2]. The latter is methylated to form melatonIn by 
hydroxylndole-O-methyl-transferase (HIOMT) This IS 
brought about at the expense of  the methyl donor,  
S-adenosyl-methionlne (SAM), which is converted to 
S-adenosyl-homocysteme (SAH), a product  inhibitor of 
HIOMT. In view of  the association of the pineal gland with 
the effects produced by scotophobin, we wished to test sev- 
eral of these pineal metabolltes upon goldfish light-dark be- 
havior. An interesting pattern has emerged both suggesting 
that an elevation of  N-acetylserotonin was associated in all 
cases with increased dark avoidance behavior and that 
scotophobin must be an inhibitor of HIOMT. The results of  
our experiments supported this hypothesis and are presented 
here 

METHOD 

Blochermcals 

Synthetic scotophobin A [17] was generously supplied 

by the late Georges Ungar who indicated its activity to be 
25% of  native rat scotophobln in the mouse assay. When 
needed, a portion of the powder, stored at-20°C, was weighed 
out, dissolved in water and frozen Each of these was uti- 
lized within two months. Norepinephnne bitartrate,  sero- 
tonm oxalate, propranolol,  N-acetylserotonin,  melatonin, 
S-adenosyl-methionine and S-adenosyl-homocysteme were 
purchased from Sigma Chemzcal Company The dosages 
employed were based upon semi-empirical decisions, due to 
the absence of dose response data in some cases Bovine 
pineal glands were from Pel Freeze,  Inc 

Ftsh 

The experimental animals used m these studies were 
common goldfish (Carasslus auratus) originally supphed by 
Ozark Fisheries. The goldfish were between 7.5 and 8 cm in 
length. After about a month m a large holding tank, they 
were separately malntmned in two gallon tanks whose water  
was filtered, aerated and kept about about 18°C. The fish 
were each fed two Purina koi pellets at 5 p m daily and 
Illuminated from 8 a m to 8 p.m. under incandescent light. 
All experiments were c a m e d  out between about 10 a m. and 
3 p . m  

Scotophobln and other agents, dissolved in 0 9% NaCl, 
pH 7 4, were administered to the fish by way of 10 /zl 
lntracramal rejections using a 25/~1 Hamdton microsyrlnge 
with a No 30 ga needle and a guard set at 3 mm to prevent 
insertion beyond the supracerebral space [1] 

Ptnealectomy 

When It became appropriate to determine the Involve- 
ment of the pineal gland m the action of  scotophobIn, 
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goldfish were plnealectomized under the anesthetic ethyl- 
m-amlnobenzoate (Tncaine, 1/8,000 dilution) The pineal 
glands were exposed by making a circular cut in the parietal 
bone (less than 5 mm in dia ) such that the center of the circle 
bisected an imaginary line connecting the posterior margins 
of the orbital cavities Under a dissecting microscope (20 
magnifications) the pineal gland was removed with a forceps 
After the operation, the fish were kept in their home tanks 
for a month to permit recovery and the resealing of the skull 
opening Post-experimental mspectlon of these fish verified 
that no pineal gland regeneration had occurred In sham op- 
erations all steps were camed out except the gland was not 
excised 

Light and Dark Avoidance Behavior Assay 

Eqmpment Light preference behavior (light or dark 
avoidance or escape) was produced and measured in wooden 
shuttleboxes that measured 52 × 18 × 15 5 cm deep. Each box 
was bisected across the center by a partial barrier 5 cm high 
that stopped 2 5 cm from the water's surface. Fish move- 
ment (response) across tins barner was monitored by a pair 
of photocells, 4 5 cm apart, placed upon the sides of the box 
1 5 cm above the bamer  A white light (stimulus) could be 
presented at either end of the box through frosted glass 
panels containing a 7 W Chnstmas tree light 

Experimental Procedure 

In order to determine the normal baseline light-dark pref- 
erence of the individual fish and to establish their basal 
swimming actwity levels, each animal was monitored In a 
daily baseline sessmn for 4 days using the shuttleboxes 
Each baseline session consisted of 60 trials of 1 min dark or 
light avoidance measurement and 60 trials of 1 rain of lights 
off general actiwty measurement An mtertnal darkness 
interval of 10 sec separated the alternating measurement 
penods consisting of 1 rain light or dark avoidance measure- 
ment and I mm general activity measurement In the 
avoidance trial periods, one chamber of the shuttlebox was 
always darkened For example in the dark avoidance 
studies, it was the side of the shuttlebox occupied by the 
fish, winle m the hght avoidance studies it was the chamber 
opposite the fish Crossing the barner automatically tripped 
the photocells and switched the lightmg to maintain the same 
light-dark relatmnshlp to the animal 

After the basal hght-dark preference and swimming ac- 
tivity levels were determined for the set offish involved In an 
expenment,  the fish were sorted Into groups in such a way 
that the average basal activities of each group were as close 
to the other as possible Then the fish of each group were 
rejected with scotophobin, sahne or other agents and tested 
immediately and on subsequent days for their dark or light 
avoidance responses and for general actlvlty In exactly the 
same way as baseline studies above Responses were moni- 
tored for every tnal and recorded every ten trials (5 dark or 
hght avoidance tnals and 5 general activity tnals) Statistical 
analysts was done using the recorded responses from these 
5-trial segments as one measurement, unless otherwise 
noted Graphs were plotted in terms of mean responses of 
two segments per min (10 trials) 

Melatonm Assay 

The procedure used for the measurement of melatonin 
was derived from Axeirod and Weissbach [4] At the indi- 

cated times goldfish were sacrificed by decapitation and their 
heads immediately frozen with dry ice Their pineal glands 
were removed as descnbed above and individually 
homogenized m 1 ml of phosphate buffer (0 05 M, pH 7.9) in 
a 10 ml hand operated Potter Elvejhem homogenizer The 
homogenates were transferred to 15 ml Corex centrifuge 
tubes, 4 ml of chloroform added and the tubes manually 
extracted for 30 sec The aqueous phase was removed by 
aspiration and the chloroform extract washed twice with 3 ml 
of delonized water. It was then dned with warm air and the 
remaining residue was dissolved in 1.5 ml deionlzed water 

Melatonln was measured fluorometrlcally with an 
Aminco-Bowman spectrofluorometer (excitation, 290 nm, 
fluorescence, 360 nm) The fluorescence reading was pro- 
portlonal to melatonln concentration over the 0-100 ng range 
employed The UV-visible spectra of the extract was identi- 
cal to that of commercial melatonin The recovery of 
melatonln added to the pineal homogenate was constant at 
about 40% 

HIOMT Purtficatmn 

The procedure used was denved from that of Axelrod and 
Welssbach [4]. Bovine pineal glands (16 g) were ho- 
mogenized with a large Potter-Elvejhem homogenizer in 
80 ml of 0 154 M KCI The homogenate was centnfuged 
(78,000 g for 1 hr) and 52 ml of the supernatant solution was 
adjusted to pH 6 5 with 1 N KOH and centrifuged for 10 min 
at 8,000 g Saturated ammonium sulfate solution (pH 8 0) 
was added to the 50 ml supernatant solution to produce a 
45% saturation After centrlfugation (10 min at 8,000 g), the 
supernatant solution was removed and brought to 68% sat- 
uration The precipitate from a further centrtfugation was 
dissolved in 12 ml deionlzed water and adjusted to pH 5 3 
with acetic acid Two ml of alumina gel Cy (35 mg) was 
added to this solution which was stirred gently for 1 mm and 
centrifuged (8,000 g for 5 min) After centrifugatIon the gel 
was washed with 5 ml water and the HIOMT eluted by wash- 
ing the gel with three 5 ml portions of 0.1 M potassium phos- 
phate, pH 6 5 The last two eluates were used for the enzyme 
assay The protein concentration (Lowry assay [12]) of this 
preparation was 136/xg/ml. The specific activity under the 
conditions of our assay was 1 2 nmoles melatomn formed/mg 
proteln/min at 37°C 

HIOMT Assay 

The enzyme was assayed by measunng the formation of 
melatonin from N-acetyiserotonin and S-adenosyl-meth- 
lonine The 1 ml incubation mixture within 15 ml Corex 
tubes, contained 0 1 M potassium phosphate, pH 7.9, 10 -~ 
M N A S ,  1 15×10 -~ M SAM, vanous concentration of sco- 
tophobin and 1 36 /zg of the above HIOMT preparation 
tion After 30 min incubation at 37°C, the reactions were 
stopped by the addition of 4 ml chloroform Melatonin was 
extracted into the chloroform by 30 sec of shaking and the 
aqueous phase discarded by aspiration After the chloroform 
was washed twice with 3 ml deionlzed water, it was removed 
by drying The residue remalmng was dissolved in a ml of 
water and the chloroform extraction repeated About 100% 
of added melatonin was recovered by this procedure, com- 
pared to less than 0 001% of NAS and SAM. The extracted 
melatonln m 1 ml of detonized water was fluorometncally 
measured as described above 
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RESULTS 

Norepmephrme Effects on Goldfish Light-Dark Preference 
Behavior 

We had shown that m goldfish norepmephnne caused 
chromatophore aggregation [15] This was suppressed by 
scotophobm, provided that the pineal gland was present. In 
addition we verified that scotophobm caused pineal gland- 
dependent dark avoidance behavior m goldfish. These ob- 
servations led us to inquire whether norepinephrine might 
also affect goldfish light-dark preference behavior. To test 
this, dark avoidance trials were run with 19 fish as follows" 
ten fish were injected with 3/~g of norepmephrine, the rest 
with saline. During two hours immediately following the in- 
Jections, the fish were tested for their responses m the same 
manner as they were m the baseline sessions prior to rejec- 
tion (1 nun dark avoidance trial followed by 1 min trial for 
general activity m darkness alternating for 2 hr). The results 
for these trials are shown in Fig. 1. The noreplnephnne re- 
jected goldfish crossed into the hghted side of the shuttlebox 
about one half as often as the sahne injected fish did, yet the 
general activity levels of the two groups were almost identi- 
cal An analysis of variance was carried out using the scores 
of 12 five-tnal segments for each response. An analysis 
showed this reductmn m dark avoidance caused by 
norepmephnne to be significant" groups×two response 
measures (dark avoidance responses and general activ- 
ity)×trials, F ( l l , 187)=2 .34 ,p<0  02 Subsequent analysis of 
general activity levels of the two groups did not show any 
effect (Fs< l  0). These results are opposite m direction to the 
increased dark avoidance behavior caused by scotophobm 

To verify the action of noreplnephrine upon light-dark 
preference behavior of goldfish, a light avoidance experi- 
ment utlhzmg 35 goldfish, dwzded into four groups was run 
The first group ( N = l l )  was injected with 3 /xg each of 
norepmephnne. The effect of the catacholamine E-pathway 
antagonist, propranolol, (17 2/xg each) (N= 11) upon goldfish 
light-dark preference behavmr was also tested. The third 
group (N=6) received both 3/~g norepinephrine and 0 1/~g 
scotophobm. The fourth group (N=7) were the saline re- 
jected controls Light avoidance trials of 1 min duratmn al- 
ternatmg with general actzv]ty tnals of equal length were run 
during the 2 hr immedmtely following the injections The 
results, shown in Fig. 2A indicate that, indeed, norepl- 
nephnne caused increased light avoidance (reduced dark 
avoidance) behavior m the fish By contrast, both sco- 
tophobin plus norepmephnne,  and propranolol alone acted 
in the opposite direction to increase dark avoidance behav- 
ior. 

A summary of the analysis of variance showed a signifi- 
cant difference between NE and sahne in groups×response 
measures×trials interaction, F(I1,176)=2.13, p<0.02, but 
not m groups or groups x response measures effect (Fs< 1.0). 
Comparison between NE and NE plus scotophobin showed 
signLficant interactions m groups×response measures, 
F(1,15)=5.09, p<0.05,  and in groups×response meas- 
ures×trials, F(11,165)=2.01, p < 0  05, but not in groups ef- 
fect, F(1,15)=2.35, p>0.14. Comparison between pro- 
pranolol and saline showed a s]gnificant groups×response 
measures×trials interaction, F(11,176)=2 13, p<0.05, but 
not significant effects an groups or groups×response meas- 
ures (F~< 1 0). 

Subsequent analysis of variance (groups × trials, based on 
hght avoidance responses), showed a significant difference 
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FIG 1 The effect of norepmephnne upon the dark avoidance be- 
havior of goldfish The two groups of subjects were rejected lm- 
medmtely before the first block of 10 trials as follows sahne (0) and 
3 /~g norepmephnne (©) Their avoidance responses is plotted m 
sohd lanes whale their actwlty m the dark is plotted m dashed hnes 
Data points at B represent the mean of four days baseline sessions 
for both general actwlty (upper data points) and dark avoidance 
(lower data pomts) Since there was no slgmficant heterogeneity of 
variance m this and the following experiments, only the average 
SEM's are presented The average SEM for this expenment was 

about 0 32 
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FIG 2 The effect of norepmephnne upon hght avoidance behavior 
m goldfish (A) The four groups of subjects were rejected ~m- 
mediately before the first tnal block with sahne (O), 3/zg norepmeph- 
nne (©), 17 2 ttg propranolol (El) or 3/~g norepmephnne plus 0 1/xg 
scotophobm (A) The solid hnes represent hght avoidance responses 
whale the dashed lines depict general swammmg activity in darkness 
Data points at B represent the mean of four days baseline sessions 
for both general actwlty (A) and light avoidance responses (©) 
Average SEM was 0 35 (B) The three groups of pmealectomlzed 
subjects were otherwise treated as m (A) above They were rejected 
with sahne (O), 3 /zg norepmephnne or 0 1 gg scotophobm (A) 

Average SEM was 0 2 
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over tnals between the effect of noreplnephrlne injection and 
sahne injection, F(11,176)=2 94, p < 0  002, between the 
effect of norepInephrine and of norepinephnne plus 
scotophobln, F(11,165)=2 44, p<0.008, between the effect 
of propranolol and of saline mjection, F(11,176)=3.13, 
p<0.001. The groups effect was not significant among those 
comparisons (F ,< I  0) The change in dark preference re- 
sponses could not be explmned by modification of general 
actlwty since the general activity levels among groups did 
not show any significant effect (F ,<  1 0) 

The pineal gland was required in order for noreplnephnne 
to modify hght-dark behavior in goldfish, as was also the 
case for scotophobln This was indicated in the experiment 
shown in Fig 2B where 24 pmealectomlzed fish divided into 
three groups (saline, 3 /zg noreplnephrlne, and 0 1 ~g 
scotophobm) were tested for light avoidance alone dunng the 
2 hr immediately following the injections An overall analysis 
of variance showed no significant effects due to groups 
differences (F~<I 0) 

The Effect of  Pineal Melatomn Metabohtes in Goldfish 
Llght-Darl~ Preference Behavior 

Since these experiments made it clear that the light-dark 
preference behavioral effects of noreplnephrine and 
scotophobln [15] each required the presence of the pineal 
gland in goldfish, inquiry was next directed toward the 
possible involvement of pineal function, namely melatonin 
biosynthesis, in goldfish light-dark preference behavior 
Melatomn is formed from serotomn vm N-acetylserotonln 
(NAS) (Fig 3) The conversion of the latter to melatonm is 
catalyzed by hydroxylndole-O-methyl-transferase (HIOMT). 
Th~s is accomplished In the presence of the methyl donor, 
S-adenosyl-methionlne (SAM) which is converted to S-ad- 
enosyl-homocysteme (SAH) [2] 

The effect of serotonm upon goldfish light-dark prefer- 
ence behawor is shown in Fig 4A In this experiment 5 
goldfish were reJected with 50/zg serotonln In I0/xl sahne 
and 7 fish were injected with saline alone Light avoidance 
and the general activity trmls were run dunng 2 hr Im- 
mediately following The results indicated that serotonln, 
hke scotophobln, increased dark avoidance The analysis of 
variance showed a significant difference between the effect 
of serotonm and sahne injection (groupxtrlals interaction), 
F(11,121)=2 24, p < 0  02 General activity levels of two 
groups did not show any significant effect (F~<I 0) 

N-acetylserotonln (NAS) at one tenth the dosage used for 
serotonm also mcreased dark avoidance behavior This is 
shown in Fig 4B where 24 fish were used, half of which were 
injected with 5 /xg NAS, the others receiving saline alone 
The change in light avoidance responses of the NAS group 
dunng the hour following the inJection gradually increased 
w~th t~me even though the general activity level did not d~ffer 
significantly from the saline injected group An analysis of 
variance showed a significant difference between the two 
groups over the time course of the experiment (group × stlmu- 
h x blocks), F(5,110) = 2 63, p < 0.03 There were no slgmficant 
effects due to group differences m the general activity levels 
(F~< 1 0) 

A similar hght avoidance experiment, with general activ- 
ity measures, run with 21 animals, 11 of which were mjected 
with 4/zg melatonm, did not show any significant effect of 
melatonln upon the light-dark preference behavior of the 
goldfish (data not shown) (Fs<l  0) A second melatonln ex- 
periment employing a higher dosage level was run In that 

BIOSYNTHESIS OF MELATONIN BY THE PINEAL GLAND 

acetylCoA CoASH S-odenosyl-  S-odenOsyl- 
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FIG 3 B~osynthesls of melatonln by the pineal gland 
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FIG 4 The effect of serotonm, N-acetylserotonm and S- 
adenosyl-homocysteme upon hght avoidance behawor of goldfish 
(A) The two groups of subjects were injected w~th 50/zg serotonm 
(63) or sahne (O) Average SEM was 0 33 In Fig 4A (only) data 
were plotted on the bas~s of blocks of 20 trials (B) The two groups of 
subjects were rejected w~th 5 ~g N-acetylserotonm (©) or sahne (Q) 
Average SEM was 0 12 (C) The two groups of subjects were re- 
jected with 10/zg S-adenosyl-homocysteme (©) or sahne (Q) Aver- 
age SEM was 0 51 Solid hnes represent light avoidance responses 
whde broken hnes depict general swimming actiwty m darkness 
Data points at B represent the mean of four days basehne sessions 
for both general actwlty (lower data points) and hght avoidance 

reponses (upper data points) 

experiment, employing 24 goldfish, both light and dark 
avoidance were tested instead of the usual light avoidance 
and general activity This procedure measured the response 
of subjects, previously given the usual four days of baseline 
sessions, to either 10/xg melatonin in 10/xl saline, containing 
2% ethanol, or to the sahne-ethanol alone (1 mg melatonm 
was dissolved In a drop of 95% ethanol and diluted to 1 ml in 
ISOtOnic sahne) Immediately after injection they were tested 
for their response in dark and light avoidance situations for 1 
hr as in the baseline sessions It was observed (data not 
shown) that melatonln decreased the general activity of the 
fish, but again did not alter their dark-light preference Ac- 
tivity suppression of rats by melatonin has been reported by 
others [19] An analysis of variance showed a significant 
groups effect, F(1,22)=6 15, p < 0  0213, but there were no 
significant differences between groups m terms of stimulus 
specificity (groupsxstlmull F(1,22)=2 54, p > 0  126; groups 
×trlals×stlmuh F < I  0) 

Similarly, In light avoidance trials with 18 goldfish, half of 
which were injected with saline, the rest with 10 /~g 



SCOTOPHOBIN AND PINEAL N-ACETYLSEROTONIN 453 

S-adenosyl-methmnine, no difference in hght-dark prefer- 
ence actwlty from the controls was produced by this inter- 
mediate revolved in the formation of  melatonln from seroto- 
nm by the pineal gland. An analysis of variance did not show 
any significant difference m groups effect (F< 1.0), m groups 
×response measure interactions ( F < I  0) or m groups×re- 
sponse measurextnals  interactions (F=l.05) 

However, when S-adenosyl-homocysteme, a product of 
the HIOMT-catalyzed reactmn forming melatonm, was 
tested, ~t was found that it produced substantial dark 
avoidance behavior (Fig 4C) In thts light avoidance-general 
actlVlty experiment with 18 goldfish, one group was injected 
with 10/zg SAH just pnor  to testing. The other groups re- 
ceived sahne only. An analysis of variance showed a slgmfi- 
cant difference between groups, F(1,6)=4.8, p<0.044 Sub- 
sequent analysis showed a szgnlficant difference in hght 
avoidance between the groups, groups effect F(1,16)=6 57, 
p < 0  05, groups×trials interaction. F(5,80)=3.21, p<0.05,  
but no s~gnfficant d~fferences between the general activity 
levels of  the two groups (Fs< 1 0) 

To lnqmre whether rejected serotonln or NAS acted only 
via the pineal gland or more directly upon the brain to pro- 
duce their behaworal effect, these compounds were injected 
into pmealectomlzed fish m two experiments (data not 
shown). In the first experiment 12 pmealectomlzed fish 
were divided into two groups, one rejected with sahne and 
one w~th 50/~g serotonm These groups were then tested in 
hght avoidance sessmns Their light avoidance behawor, 
monitored over the following hour, indicated no significant 
group differences (F~< 1 0) In the second experiment (dark 
avoidance-general activity) with 14 sham operated and 16 
pmealectomlzed goldfish, half of  each group was injected 
with 5 tzg NAS and half were rejected with sahne Although 
the sham operated fish mjected with NAS increased their 
dark avoidance when compared to the control fish, the 
pmealectomlzed fish did not 

An overall analysis of  variance showed a significant m- 
teractmn among drug treatments, operatmns, two response 
measures and trials, F(5,130) = 2 66, p <0.0026. Subsequent 
analysis showed that there were no slgmficant differences 
between two drug treatments in plnealectormzed fish, drugs 
effect F(1,14) = 1.66, p >0 2; drugs × two response measures: 
F<I .0 ,  drugs×tnals F(5,70)=2.16, p>0.05,  but there was 
a slgmficant effect of drug treatment m sham operated 
fish, drugs×two response measures F(1,12)=4 81, p<0.05,  
and drugs×two response measures×trials F(5,60)=2 48, 
p<0.05 It also showed that the significant drugs effect in 
sham operated fish was due to a difference m dark avoidance 
responses, drugs×trials F(5,60)=4.53, p < 0  0014, and not 
due to the general actwity levels, drugs effect. F < I  0; drugs 
×trials F(5,60)=1 22, p > 0  3. These results indicated that 
increased light avoidance behavior produced by rejection of  
serotonm or NAS was medmted by the pineal gland 

Thus, serotonin, and at a lower dosage, N-ace- 
tylserotonm, increased dark avoidance behawor m goldfish 
while melatonm and S-adenosyl-methlonme were reactive m 
this regard S-adenosyl-homocysteme, a product inhibitor of 
HIOMT that causes a buildup of N-acetylserotonm m vitro 
[6], also increased dark avoidance. These data indicated that 
pineal NAS was the probable agent increasing dark 
avoidance behavior m goldfish if not d~rectly, possibly vm 
serotonm buildup And that any inhibitor of HIOMT, thus, 
would be expected to increase dark avoidance by producing 
a backlog of  NAS It also appeared possible that scotophobm 
m~ght be such an inhibitor 
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FIG 5 The effect of rejected S-adenosyl-homocysteme upon 
goldfish pineal melatonln levels Average SEM was 1 73 

The Effect of Agents Modifymg Goldfish Ltght-Dar~ Prefer- 
ence Behavtor Upon Pmeal Melatonm Content 

To test th~s hypothesis we d~reetly measured the result of 
reJecting goldfish with various agents upon their pineal 
melatomn levels. Shown in Fig. 5 is the effect of  the HIOMT 
product inhibitor, S-adenosyl-homocysteme, upon the 
melatonln content of mdwldual goldfish pineal glands (n--3 
for each data point) The injection of 10/~g of SAH m I0 p.1 
sahne reduced pineal melatonin levels 1 hr later to about one 
half those of control fish recewing saline injections An 
analys~s of vanance showed a significant dosage effect, 
F(2,6)= 10 096,p<0 012. Thus It was found possible to lower 
the levels of  pineal melatonm by rejecting an inhibitor of 
HIOMT 

In order to evaluate whether scotophobm could also in- 
hibit pineal HIOMT, 36 goldfish, dwlded into four groups, 
were reJected (10 p.l) with saline, 5 ~g scotophobin, 5 p.g 
N-acetylserotonin or 5 p.g each of  both NAS and scotopho- 
bin. The pmeals of  three fish from each group were then 
removed at 0, 30 or 60 mm after the rejection and their 
melatonin content determined. The results, shown in F~g. 6, 
indicated that by 1 hr scotophobm had lowered the melatonm 
content of the pineal gland by about one third In contrast, 
by 1 hr the melatonm content of  the fish rejected with NAS 
had almost doubled. The simultaneous injection of  
scotophobm w~th the NAS, however, not only suppressed 
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The effect of rejected N-acetylserotonm and scotophobm 
upon goldfish pineal gland melatonm content The four groups of 
goldfish were rejected with sahne (O), 5/~g N-acetylserotonm ((3), 5 
/zg scotophobm (A) or 5 tzg N-acetylserotonm plus 5/xg scotophobm 

([]) Average SEM was 1 24 ng 

any NAS reduced increase m melatonm but also resulted in a 
drop m pineal melatonm to a level comparable to that caused 
by scotophobm injectmn alone 

An overall analysis of variable showed significant groups 
effect, F(3,24)=37 64, p < 0  001, and interactmn between 
groups x samphng times, F(6,24) =35.26, p <0 001, but there 
was no significant effect of  sampling times, F(2,24)=2 83, 
p>0.07.  Subsequent analysis between the NAS and saline 
m lected groups showed a significant group effect, F(1,12) 
=26.99, p < 0  001, sampling rimes effect, F(2,12)=29.31, 
p<0.001 and groupsxsamphng times interaction, F(2,12) 
=27 67, p < 0  001 Analysis between NAS and NAS plus 
scotophobm showed slgnu'icant groups effect, F(1,12)=64.98, 
p<0.001, samphng times effect, F(2,12)=2767, p<0001  
and groups  x samphng  nines  in te rac t ion ,  F(2,12) = 56 86, 
p<0.001. There were also significant effects between scoto- 
phobm and sahne rejected groups, group effect F(1,12) = 11 16, 
p<0.006,  sampling times effect. F(2,12)=8.69, p < 0  005; and 
groups× samphng times interactmn: F(2,12)=9.84, p<0.003 

The Effect of  Scotophobsn Upon Pmeal HIOMT Activity In 
Vitro 

To confirm whether scotophobin inhibited pineal 
HIOMT, this enzyme was purified from bovine pineal glands 
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FIG 7 The effect of scotophobm upon the actwlty of punfied 
bovine pineal hydroxymdole-O-methyl-transferase Average SEM 

was 6 98 

[4] and tested dwectly (Fig 7). Under the condmons of our 
assay (10 -~ M NAS,  1 15x10 -s M SAM, 0.1 M potassium 
phosphate pH 7 9, 37°C), 6x  10 -7 M scotophobm A reduced 
the actwlty of the purified bovine HIOMT by about 50% 
(Kt=6x 10 -r M) while 25x 10 -7 M scotophobin inlublted the 
enzyme about 80%. These concentratmns were roughly com- 
parable to those calculated to result in vivo by injecting goldfish 
with the doses of scotophobin utihzed here, and those found in 
trmned mice or those rejected with scotophobin by Ungar [16]. 

DISCUSSION 

The present work reinforces our previous report md~cat- 
mg the essenuallty of the pineal gland for scotophobm action 
[15]. Although the pineal gland was not imphcated m the two 
studies on the binding distribution of  labeled scotophobm 
within the brain of  rodents [16] and fish [7], the difficulty of 
establishing the site of actmn of  a compound from the results 
of such studies is well known. 

In addition to scotophobm five new compounds were 
found here to influence goldfish hght-dark behavior 
norepinephnne, propranolol,  serotonm, N-acetylserotonm 
and S-adenosyl-homocysteine Two other pineal metabo- 
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lites, S-adenosyl-methionine and melatonin, were without 
activity in this regard, although melatonln exhibited its 
known depressing effect upon basal activity [19] These ob- 
servations suggest that goldfish light-dark preference may be 
modulated by the balance of two pineal neurotransmltters:  
norepinephrine and N-acetylserotonm (or serotonm). Such 
binary control is common m many other systems under 
neuronal mediation 

The norepinephrine-mduced reduction in dark avoidance 
was shown to be specific rather than due to an enhancement 
of basal swimming activity or increased swimming m re- 
sponse to the light cychng occurnng m the shuttleboxes. 
This was clearly shown both by the basal activity trials and 
by the reversal of response when the experiments were 
changed from dark avoidance to light avoidance. Like the 
effects of  norepinephrine upon goldfish chromatophore ex- 
pansion [15] scotophobin blocked the hght-dark preference 
behavior effects of norepmephnne. Unhke the chroma- 
tophore system, the action of norepinephrine upon light-dark 
preference behavior required the presence of the pineal gland. 

Specifically how norepinephnne excess might act to de- 
crease dark avoidance behavior is not clear However ,  
/3-adrenergic receptors for catacholamines have been impli- 
cated in the function of  the pineal gland [20] and propranolol,  
a specific blocker  of such receptors,  was found here to pro- 
duce light-dark preference behavior opposite to that caused 
by norepmephrine.  I t  Is known that pineal serotonm, which 
here also opposed norepinephrine by increasing dark 
avoidance behavior,  participates tn a diurnal rhythm out of  
phase with norepmephnne [9]. Serotonm levels are h~gh dur- 
ing dayhght while norepmephrine levels rise at night. The 
elevated norepinephrme acts,  via cyclic AMP, to induce the 
biosynthesis of the enzymes [3,11] forming melatonm, caus- 
ing its nocturnal increase [14]. 

In spite of the circadian complexity of  the pineal gland, 
we have produced pineal-dependent increases in dark 
avoidance m goldfish by treating them m ways designed to 
elevate their pineal serotonin or N-acetylserotomn. This was 
accomplished by direct injection of these compounds or by 
the injection of  S-adenosyl-homocysteme which inhibits 
HIOMT. 

Although N-acetylserotonin was more potent than 
serotonin in increasing dark avoidance behavior  in goldfish, 
positive identification of  which of  these two is the primary 
effector awaits experiments performed with N-ace- 
tyltransferase inhibitors. However,  it is predicted that adminis- 
tration of tryptophan, 5-hydroxytryptophan, harmine [8] or 
6-methoxytetrahydro-/3-carbolme [13] would elevate the levels 
of both serotomn and N-acetylserotonin to increase dark 
avoidance m goldfish. 

Since a major goal of  this work was to clarify how 
scotophobin increased goldfish dark avoidance, we chose as 
a working hypothesis that this behavioral peptlde somehow 
elevated pineal N A S  levels. The results of  the subsequent 
experiments evaluating the effect of scotophobin upon pineal 
melatomn levels indicated that scotophobin both reduced the 
amount of melatonm m the pineal glands and blocked the 
increase in pineal melatonm that normally occurred when 
NAS was mjected. Thus, it appeared that scotophobln m- 
deed was able to elevate pineal NAS,  and apparently did so 
by reducing its conversion to melatonm by HIOMT. That 
scotophobin could effectively reduce HIOMT activity was 
confirmed by the discovery that scotophobm potently inhib- 
ited purified bovine HIOMT The mechamsm of  the 
scotophobln inhibitor of HIOMT has been deternuned and 
will be the subject of a later report (Satake and Morton, to be 
pubhshed) 

Thus, as a simplified overview, it appears that ammals, 
trained by electnc shock to avoid the dark, produce a pep- 
tsde whmh can cause the elevation of  pineal NAS EievaUon 
of NAS (or serotonin) can bnng about dark avoidance behav- 
ior, provided the pineal gland is present. The means whereby 
pineal NAS elevation influences behawor,  and the apphca- 
bllity of  these observations to learning m general must awmt 
the results of  future studies 
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