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SUblMARY: The exposure  of o rgan  cul tured  pineal glands of Syr ian 
hamsters  to forskolin,  an adenylate  cyclase ac t iva tor ,  caused marked 
increases  in serotonin  N-ace ty l t r ans fe rase  ac t iv i ty  and melatonin content  in 
a dose- re la ted  manner  (1-100 p.M) when glands were collected in the second 
half  of the da rk  period.  However,  addit ion of forskolin to glands collected 
anytime du r ing  the light per iod or at  the beg inn ing  of the dark  period 
failed or  only modestly stimulated e i ther  pineal N-ace ty l t r ans fe rase  ac t iv i ty  
or  melatonin levels.  Similar resul ts  were obtained with isoproterenol .  The 
resul ts  s u g g e s t  tha t  in t rapinealocyte  r egu la to ry  mechanisms may determine 
the noc turna l  r ise in the Syrian hamster  pineal gland.  © 198s Ao~demic P .. . . .  ~no. 

In the Syrian hamster ,  the nocturnal  r ise in pineal melatonin 

produc t ion  is mediated b y  ~-adrenerg ic  r ecep to r s .  Craf t  et al (1) have 

shown that  the syn thes i s  of catecholamines r ises at  n ight  in the hamster  as 

in the ra t  pineal while Lipton et al (2) found that  the nighttime increase  in 

pineal melatonin in the Syrian hamster  was inhibited b y  propranolol ,  a 

~ -adrenerg ic  r ecep to r  blocker ,  jus t  as i n  the ra t .  However,  while ra t  pineal 

NAT ac t iv i ty  can be induced b y  e i ther  NE or  ISO, a l ] -adrenergic  agonis t ,  

du r ing  e i ther  the day  or  at  n ight  (3 ,4 ) ,  in the Syrian hamster  both  in r ive  

(5-7) and in vi t ro  (8,9) s tudies  have shown that  NE and ISO are incapable 

of mediating a rise in pineal melatonin in hamster  du r ing  the day.  

Fur the rmore ,  it has been r epor t ed  that  e i ther  NE or ISO stimulation of 

To whom cor respondence  and r ep r in t  r eques t s  should be sent .  

Abbrevia t ions  used  a re :  NAT, N-ace ty l t r ans fe rase ;  ISO, isoproterenol ;  NE, 
norep inephr ine .  
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pineal melatonin product ion  in the Syrian hamster  is r e s t r i c t ed  to a br ief  

in te rva l  du r ing  the la t ter  half of the daily dark  per iod;  this respons iveness  

d isappears  if animals are  exposed to light du r ing  the normal dark  time 

period (6 ,10) .  Thus ,  ~-adrenerg ic  stimulation appears  to be an absolute 

requirement  to act ivate both  ra t  and hamster  pineal glands at n ight .  

However,  since the Syrian hamster  pineal gland only responses  to ISO for  a 

brdef in terval  late in the da rk  per iod,  in this species it seems something in 

addit ion to ~-adrenerg ie  stimulation i s  requ i red  to promote high melatonin 

levels. 

This s t u d y  addresses  the problem of the control  of melatonin syn thes i s  

b y  hamster  pineals us ing  in vi tro techniques  and forskolin.  Forskolin is a 

d i terpene that  appears  to act d i rec t ly  on the adenylate  cyclase enzyme 

complex which consists  of a guanyl  nueleotide b inding subuni t  and a 

catalyt ic  subuni t  (11). In terac t ion of forskolin with adenylate  cyclase not 

only increases  enzyme ac t iv i ty  but  also appears  to facilitate or  augment  

act ivat ion b y  recep to r  agonis ts  a n d / o r  guanyl  nucleotide in a va r i e ty  of 

t issues including rat  pineal gland (12-14).  Unexpectedly ,  it was found that  

forskolin was able to stimulate hamster  pineal melatonin product ion  only 

when the glands were collected late in the dark  period.  

METHODS 

Male Syrian hamsters  (80-100 g) were pu rchased  from Sasco (Omaha, 
NE, USA). Upon arr ival  in the l abora to ry  they  were caged (4-5 pe r  cage) ,  
given food and water  ad libitum and exposed to a l i gh t -da rk  (LD) cycle of 
14:10 (l ights on daily from 06.00 h-20.00 h) .  Groups of 8 animals were 
killed b y  decapi ta t ion  at the times indicated in each experiment .  Whe~ 
animals were killed at n ight ,  t hey  were p rev ios ly  exposed to 50-70 ~W/cm 
white l ight  for  30 min to suppres s  nighttime melatonin levels to basal 
daytime values ( !5 ) .  

Hamster pineal glands were cu l tured  us ing  a method descr ibed  
p rev ious ly  b y  Brammer et al (16). Glands were incubated at 37°C unde r  a 
humidified a tmosphere  of 95% 02-5% CO2 in a water - jacketed  incubator .  The 
cul ture  medium (BGJb Fi t ton-Jackson  modification, Grand Island Biological 
Co. ,  Grand Is land,  NY, USA) was supplemented with ascorbic  acid (0 . I  
mg/ml) ,  giutamine (0.2 re_M), BSA fract ion V (1 mg/ml) ,  penicillin (100 
uni ts /ml)  and s t reptomycin  (100 ~g/ml) .  Pre ineubated  pineais (30 rain) were 
cu l tured  with e i ther  ISO or forskolin for  4 hours  at  the concentra t ions  
indicated.  Both pineal glands and cul ture  media were collected and quickly 
f rozen on solid CO2 and s tored  at -70°C until  assayed  for  NAT and 
melatonin. Forskolin was dissolved with dimethyl suifoxide and serial 
dilutions were made with the cul ture  media. The concentra t ion of dimethyl 
sulfoxide in the cul ture  medium was always lesser  than 0.2% (vol /vol ) .  

NAT ac t iv i ty  a s say  was performed as descr ibed  p rev ious ly  (17) and 
r e f e r r ed  to pmol of N-ace ty l t ryptamine  p r o d u c e d / g l a n d / h .  Melatorfin levels 
were estimated b y  radioimmunoassay accord ing  to technique p rev ious ly  
descr ibed  (18) and r e f e r r ed  to e i ther  p g / g l a n d  or  pg /ml /g l and  for  gland 
and cul ture  medium, respec t ive ly .  

Data are expressed  as means + SEM and were analyzed us ing  a ANOVA 
followed b y  a Student-Newman-Keuls  multiple range  tes t .  
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( - ) - i s o p r o t e r e n o l  ( ISO)  was  p u r c h a s e d  b y  Sigma Chemica l  Co. ( S t .  
L o u i s ,  MO, U S A ) ;  f o r s k o l i n  was  p u r c h a s e d  b y  Ca lb iochem ( S a n  Diego ,  CA,  
U S A ) .  O t h e r s  r e a g e n t s  w e r e  o b t a i n e d  f rom comerc ia l  s o u r c e s .  

RESULTS 

E x p e r i m e n t  1: T h e  i n d u c t i o n  of  NAT a c t i v i t y  a n d  m e l a t o n i n  p r o d u c t i o n  

b y  f o r s k o l i n  was  s t u d i e d  in  p i n e a l  g l a n d s  f rom h a m s t e r s  k i l l e d  in  t h e  s e c o n d  

h a l f  of  t h e  n o r m a l  d a r k  p e r i o d  (02 .30  h ) .  P ine a i s  w e r e  i n c u b a t e d  w i th  e i t h e r  

f o r s k o l i n  (1 ,  10 o r  100 p_M) o r  ISO (1 p_M). A d d i t i o n a l  p i n e a l s  w e r e  

i n c u b a t e d  in  t h e  a b s e n c e  of  t h e s e  d r u g s .  As  s h o w n  in  f i g u r e  1, ISO 

s t i m u l a t e d  NAT a c t i v i t y  a n d  me la ton in  p r o d u c t i o n ,  in  a g r e e m e n t  w i t h  e a r l i e r  

o b s e r v a t i o n s  ( 8 ) .  L i k e w i s e ,  f o r s k o l i n  m a r k e d l y  i n c r e a s e d  m e l a t o n i n  l e v e l s  

in  b o t h  p i n e a l  g l a n d s  a n d  c u l t u r e  med ia  in  a d o s e - r e l a t e d  m a n n e r .  H o w e v e r ,  

NAT a c t i v i t y  d i d  no t  i n c r e a s e  w i th  d o s e s  of  1 o r  10 p~I f o r s k o l i n ,  e x h i b i t i n g  

a s i g n i f i c a n t  i n c r e a s e  o n l y  a t  100 p~I f o r s k o l i n .  
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Fig.  1. Effect of ISO or d i f ferent  doses of forskolin on the in vi t ro 
stimulation of NAT ac t iv i ty  and melatonin product ion.  Pineal g l a n d s  were 
collected from hamsters  kil led at  02.30 h (late da rk  phase)  and incubated 
for  4 h. Control values (C) were obtained by  incubat ing  glands in the 
absence of the d rug  s . Values are  exp res sed  as the mean -+ SEM of 8 pineal  
glands.  
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Experiment 2: To invest igate  the response  of the hamster  pineal gland 

to forskolin du r ing  the day,  pineal glands were collected at 16.00 h, du r ing  

the normal l ight  per iod and incubated  with e i ther  50 p!M forskolin or  1 ~M 

ISO. A control  group of pineal glands was incubated  in the absence of 

d r u g s .  Since both  I0 and 100 pM concentra t ion of forskolin were able to 

stimulate markedly pineal melatonin product ion ,  an intermediate dose was 

chosen in this experiment .  Figure 2 shows that  ISO was incapable of 

induc ing  e i ther  enzyme ac t iv i ty  or melatonin product ion .  These resul ts  are 

in accordance  with those p rev ious ly  descr ibed  b y  Santana et ai (8) and 

Vaughan et al (9).  Surpr i s ing ly ,  forskolin,  which acts  d i rec t ly  on the 

adenylate  cyclase enzyme, was also unable to stimulate NAT ac t iv i ty  and 

melatonin product ion  in pineal glands collected du r ing  the day .  

Experiment 3: Since the resul ts  repor ted  above (Fig. 2) showed that  

forskolin was unable to promote e i ther  NAT ac t iv i ty  or  melatonin levels in 

hamster  pineal glands collected du r ing  the day ,  this experiment was 

performed to inves t igate  the sens i t iv i ty  of the hamster  pineal gland to 

forskolin at  four  d i f ferent  times t h roughou t  a 24-hour  period.  Pineal glands 

were collected at 10.00 h (ear ly  l ight phase ) ,  16.00 h (late l ight phase ) ,  

22.00 h (ear ly  dark  phase)  and 02.00 h (late dark  phase)  and incubated  in 

the p resence  of 50 pM forskolin.  As shown in f igure  3, c lear ly at  both  times 

du r ing  the day  (10.00 and 16.00 h) forskolin had no effect  on e i ther  NAT 

ac t iv i ty  or  pineal or  media melatonin levels. Likewise, ear ly  in the dark  
phase  (22.00 h) forskolin did not increase e i ther  pineal NAT ac t iv i ty  or 

melatonin levels in cul ture  media, a l though a sl ight  increase  in pineal 

melatonin content  was obse rved .  However,  in pineal glands collected at 

02.00 h, both  NAT ac t iv i ty  and melatonin rose as a consequence of the 

incubat ion with forskolin.  

D I S C U S S I O N  

It has been clearly establ ished in ra ts  that  the stimulation of pineal 

NAT ac t iv i ty  and melatonin synthes i s  can be induced b y  NE and ISO in 

pineals collected ei ther  du r ing  the daytime or  at n ight  a f te r  the donor  

animals are exposed to l ight (3 ,4 ,8 ,19) .  However,  in the Syrian hamster  it 

is not possible to stimulate pineal melatonin by  e i ther  NE or ISO du r ing  the 

daily l ight period (6-10).  

The reason for  the daytime insensi t iv i ty  of the hamster  pineal gland to 

NE or its agonis ts  remains unknown a l though it has been sugges t ed  that  it 

might relate to a possible rhy thm in the number  of ~ - recep tors  on the 

pinealocyte membrane (6)  such  tha t ,  du r ing  the day ,  hamster  pinealocyte 

~- receptors  are  down-regula ted  and thus  the gland is unrespons ive  to 
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Fig. 2. Effect of 1 p2¢I or 50 ~ forskolin (FORS) on the in vitro 
stimulation of NAT activity and melatonin production.  Pineal glands were 
collected from hamsters killed at 16.00 h (late light phase) and incubated 
for 4 h. Control values (C) were obtained by  incubat ing  glands in the 
absence of the drugs .  Values are expressed as the mean + SEM of 8 
pineals. 

Fig. 3. Effect of 50 O.M forskolin (FORS) on the in vitro stimulation of 
NAT act ivi ty and melatonin production. Pineals were collected from hamsters 
at the indicated times and incubated for 4 h. Control values (C) were 
obtained by  incubat ing glands in the absence of the drug .  Values are 
expressed as the mean + SEM of 8 pineal glands. 

~ - a g o r d s t s .  I n  the  r a t ,  fo r  example ,  a n  obv i ous  r h y t h m  in  p i n e a l  

~ - r e c e p t o r s  d e n s i t y  has  b e e n  d e s c r i b e d  wi th  maximal n u m b e r  of r e c e p t o r s  

b e i n g  p r e s e n t  d u r i n g  d a r k n e s s  (20 ,21 ) .  In  the  p r e s e n t  s t u d y ,  f o r s k o l i n  

c a u s e d  a l a r g e  r i s e  of p i n e a l  NAT a c t i v i t y  a n d  mela ton in  p r o d u c t i o n  a t  n i g h t  

b u t  no t  d u r i n g  the  d a y .  S ince  the  ac t ion  of f o r s k o l i n  does no t  d e p e n d  u p o n  

the  ~ - a d r e n e r g i c  r e c e p t o r ,  the  n u m b e r  of b i n d i n g  s i t e s  fo r  ~ - a d r e n e r g i c  

a g o n i s t s  may  no t  be  the  p r i m a r y  ba s i s  fo r  the  r e g u l a t i o n  of the  24 r h y t h m  

in  s e n s i t i v i t y  of the  h a m s t e r  p i n e a l  g l a n d .  The  p o i n t  of c o n v e r g e n c e  in  the  

ac t i ons  of ISO a n d  f o r s k o l i n  is the  a c t i v a t i o n  of a d e n y l a t e  cyc l a se .  ISO 

a c t i v a t e s  a d e n y l a t e  cye lase  b y  a mechan i sm i n v o l v i n g  i t s  i n t e r a c t i o n s  wi th  

the  ~ - a d r e n e r g i e  b i n d i n g  s i t e s .  F o r s k o l i n ,  u n l i k e  ~ l - ad rene rg i c  a g o n i s t s ,  

e x e r t s  a d i r e c t  a c t i on  on  the  a d e n y l a t e  cyc lase  enzyme  complex .  However ,  

t h e  i n t e r a c t i o n  of f o r s k o l i n  wi th  a d e n y l a t e  cyc l a se  n o t  o n l y  i n c r e a s e s  enzyme  
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ac t iv i t y  b u t  also a p p e a r s  to faci l i ta te  or  augment  ac t iva t ion  b y  r e c e p t o r  

agon i s t s  a n d / o r  guany l  nucleot ides  (12,13) .  T h u s ,  forskol in  augments  the 

r e s p o n s e  to the  ~ - a d r e n e r g i c  agon is t  ISO in d i f f e ren t  b ra in  reg ions  and  

augments  the  r e s p o n s e  to vasoac t ive  in tes t inal  pep t ide  in ce r eb ra l  cort ical  

slices (13).  

I t  is also known tha t  the basa l  ac t iv i ty  of adeny la te  cyclase  may be 

marked ly  inf luenced  b y  a v a r i e t y  of f ac to r s  inc luding  inh ib i to ry  and  

s t imula to ry  modulation b y  guany l  nucleot ide b ind ing  subun i t s  (11) which 

could con t r ibu te  to the magni tude  of the  forskol in  r e s p o n s e .  These  f ac to r s  

may expla in  the  lack of r e s pons e  of the Syr ian  hams te r  pineal  g land to 

forskol in  and  ISO d u r i n g  the day .  

Ano the r  poss ib i l i ty  is tha t  the r e g u l a t o r y  mechanisms involved  in the 

changes  in s ens i t i v i t y  of the  hams te r  pineal  g land are  located at  a si te 

beyond  the  adeny la te  cyclase  enzyme complex. F u r t h e r  s tud ies  concern ing  

the  e f fec t  of forskol in  or  ~ - a d r e n e r g i c  agonis t s  on the induct ion of cyclic 

AMP produc t ion  in the  hams te r  pineal  g land are  r e q u i r e d  to c lar i fy  the 

mechanisms involved  in the  regula t ion  of Syr ian  hams t e r  melatonin 

p roduc t ion .  However ,  the p r e s e n t  r e s u l t s  indicate  tha t  mechanisms dis tal  to 

the  ~ - r e c e p t o r s  in the  p inealocyte  membrane may be involved  in de te rmin ing  

the  noc tu rna l  inc rease  in pineal  melatonin p roduc t ion  in the  Syr ian  hams te r .  
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