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Melatonin directly resets the rat suprachiasmatic circadian clock in vitro 

A n g e l a  J .  M c A , ' t h u r  1, M a r t h a  U .  G i l l e t t e  1'2'3 a n d  R e b e c c a  A .  P r o s s e r  3'* 

tDepartment of Physiology and Biophysics, "Department of Cell and Structural Biology and SThe Neuroscience Program, 
University of Illinois, Urbana, IL 61801 (U.S.A ) 

(Accepted 20 August 1991) 

Key words: Brain slice; Melatonin; Phase-shift; Circadian rhythm; Suprachiasmatic nucleus; Pacemaker 

The environmental photoperiod regulates the synthesis of melatonin by the pineal gland, which in turn induces daily and seasonal adjust- 
ments in behavioral and physiological state. The mechanisms by which melatonin mediates these effects are not known, but accumulating 
data suggest that melatonin modulates a circadian biological clock, either directly or indirectly via neural inputs. The hypothesis that mela- 
tonin acts directly at the level of the suprachiasmatic nucleus (SCN), a central mammalian circadian pacemaker, was tested in a rat brain 
~lice preparation maintained in vitro for 2-3 days. Exposure of the SCN to melatonin for 1 h late in the subjective day or early subjective 
night induced a significant advance in the SCN electrical activity rhythm; at other times melatonin was without apparent effect. These results 
demonstrate that melatonin can directly reset this circadian clock during the period surrounding the day-night transition. 

Melatonin is produced by the pineal gland during the 
dark phase of the diurnal cycle 19'25. In mammals this 
daily (circadian) rhythm of synthesis is regulated by a 
multisynaptic pathway from an endogenous biological 
clock in the suprachiasmatic nuclei (SCN) of the hypo- 
thalamus '~'t¢'. Light, which modulates the SCN via the 
retina and retinohypothalamic tract t~'L~, entrains the mel- 
atonin rhythm by suppressing its synthesis during the 
day. 

Recent work suggests that melatonin may feed back 
upon the circadian oscillator that times its rhythmic ap- 
pearance. Acute administration of molatonin can entrain 
activity rhythms of SCN-intact rodents in constant pho- 
tic conditions I'm. The entraining effects of melatonin are 
limited to a discrete time of the day corresponding to the 
hours surrounding the day-night transition. 

Anatomical and physiological evidence strengthens the 
possibility that these integrative effects may be exerted 
directly on the circadian clock. The SCN is one of only 
two central nervous system loci with high levels of me- 
latonin binding sites 2°'26-2". The density of melatonin 
binding sites in the SCN exhibits circadian variation It'29. 
Also, melatonin injections in rodents induce acute 
changes in SCN glucose utilization and protein synthesis 
when administered in late day :'2t. Finally, SCN neuronal 
activity in brain slices is acutely depressed by melatonin 
application only during late subjective day 14'22'24. The 
relationship between these observations and SCN circa- 

dian clock function has not been tested. 
We addressed the question of whether melatonin can 

directly modulate SCN time-keeping by examining its 
ability to change the phase of an endogenous circadian 
rhythm. Coronal hypothalamic brain slices (500/zm thick) 
were prepared during the day from 7- to 8-week-old male 
Long-Evans rats raised in our inbred colony and housed 
from birth on a 12:12 h light-dark (LD) schedule. The 
brain slices were maintained at 37 °C in a Hatton-style 
brain slice dish under constant illumination 3. The tissue 
was continummly perfused with glucose/bicarbonate-sup. 
plemented Earle's balanced salt solution (EBSS, Gibco) 
at pH 7.2 and saturated with 95% 02:5% CO2. 

Melatonin (Sigma) was dissolved at 10 -3 M in 95% 
EtOH within 0.5 h of use and serially diluted to 10 -9 M 

with fresh medium. This concentration is within one or- 
der of magnitude above the lowest saturation point of 
2-t2Sl-melatonin binding to rat SCN It. Perfusion was 
stopped and the medium in the brain slice chamber was 
completely replaced with the melatonin/EBSS solution 
for 1 h, after which time the melatonin solution was ex- 
changed with normal medium and perfusion was re- 
sumed. 

We have established that SCN in our brain slice sys- 
tem sustain a spontaneous, rcgular circadian rhythm of 
single unit neuronal activity for up to 3 days in vi t ro  4'17. 

This coincides with the rhythm of muitiunit neuronal ac- 
tivity recorded in vivo 7'8. The pattern of SCN activity is 
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Fig. 1. Effects of melatonin on the time-of-peak in the SCN elec- 
trical activity rhythm depend upon the circadian time of treatment. 
Results of 3 individual experiments are plotted as the running 2-h 
mean firing rates vs. circadian time. A: melatonin applied at CT 
2.0 had no detectable effect on the time of peak activity. B: me- 
latonin treatment at CT 10.0 advanced the phase of the neuronal 
activity rhythm nearly 4 h, such that the peak on day 2 in vitro 
occurred at CT 3.0. C: recording on days 2 and 3 in vitro after mel- 
atonin treatment at CT 10.0 on day 1 revealed that the peak oc- 
curred at CT 3.0 on both days indicating a permanent resetting of 
the clock. Dashed line indicates mean time-of-peak in untreated 
slices (CT 6.9 :e 0 .2 ,  n ffi 8 ) ,  as well as EtOH controls (CT 7 .0 ,  n 
- 2). Horizontal bar indicates subjective night. Treatment period 
with 10 -9 M melatonin is indicated with a vertical bar. Arrow in- 
dicates time of slice preparation. 

characteristically high during the day and low at night 3'6. 
The electrical activity of the ensemble of melatonin- 
treated SCN neurons was monitored extracellularly dur- 
ing day 2 and/or 3 in vitro in order to assess the time of 
peak activity, a reliable measure of phase of the SCN 
clock 4's, This study examined SCN sensitivity to melato- 
nin at six different time points over the circadian cycle. 

The phase of the circadian cycle at which the treat- 
ment was applied determined the effect of melatonin on 
the circadian rhythm of neuronal activity. Melatonin 
treatment of SCN at circadian time 2.0 (CT 2 - 2.0 h 
after 'lights on' in the 24 h lighting schedule in the rat 
colony) on the first day in vitro had no effect on the 
time-of-peak in the electrical activity rhythm on the sec- 
ond day. The time of peak activity in these experiments 
was CT 7.0 ± 0.1, n ffi 3, (Fig. 1A), which is not sig- 
nificantly different from the time-of-peak in untreated 
slices on day 2 (CT 6.9 ± 0.2, n = 8) 17. 

In contrast, when the melatonin pulse was given at CT 
10.0, it significantly advanced the phase of the neuronal 
activity rhythm (Fig. 1B). On the day after melatonin 
treatment, the oscillation peaked near CT 3.0, almost 
four hours earlier than untreated controls (phase ad- 
vance (CA) -- 3.8 ± 0.1 h, n - 4), or controls treated at 
CT 10.0 for 1 h with 0.1% EtOH/EBSS (CT 7.0, n = 2). 
When the time-of-peak was examined on day 3 follow- 
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Fig. 2. Phase-response curve for melatonin. The effect of melato- 
nin application at various circadian times (CT 2,6,10,14,18,22) was 
tested in at least 3 separate experiments per time point (subscript 
indicates number of experiments). The average magnitudes of 
phase-shifts - S.E.M. are plotted according to the circadian time 
at which the 1-h melatonin pulse was initiated. Treatment near the 
entrained day-night transition (vertical line indicates time of lights- 
off, horizontal bar indicates subjective night) resulted in a signifi- 
cant phase-advance in the peak in the circadian rhythm of electri- 
cal activity, whereas treatment at other times had no apparent 
effect. 

ing melatonin treatment at CT 10.0 on day 1, the phase- 
advance was maintained (CA = 3.8 ± 0.4 h, n = 3, Fig. 
1C). Although the amplitude of the peak was dampened 
(r~ot uncommonly observed in 3 day experiments) 17, the 
magnitude of the shift was stable over this period. This 
indicates that the underlying clock mechanism is perma- 
nently reset during the first cycle after melatonin treat- 
ment and thereafter oscillates normally from its new 
phase. 

The suprachiasmatic clock appears to be sensitive to 
melatonin treatment only during the period surrounding 
the day-night transition of the entrained lighting cycle. 
The results of 19 experiments examinin~ the .affect of 
exogenous melatonin at six times acros,, the circadian 
cycle are plotted in Fig. 2. Melatonin had no significant 
effect on the phase of the electrical actirity rhythm ex- 
cept at late day (CT 10.0, CA ffi 3.8 h -- 0.1, n = 4, P ,~ 
0.0001, Student's t-test) and early night (CT 14, ~ A  - -  

2 . 0  h ± 0.2, n = 3, P < 0.0001). 
This temporal pattern of sensitivity of the rat SCN to 

melatonin differs from the timing of sensitivity to sero- 
tonin: the SCN rhythm is reset by melatonin only at the 
period surrounding dusk, while serotonin causes phase 
resetting during mid-day (peak sensitiv'~ty at CT 7) and 
is ineffective at CT 13.015. Serotonin (5-hydroxy- 
tryptamine) is a precursor of melatonin (5-methoxy-N- 
acetyitryptamine) and binds to melatonin receptors with 
low affinity 23. However, the two compounds differ at the 
moiety responsible for stimulating the functional re- 
sponse at melatonin binding sites 23. The fact that these 
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two indoleamines affect the SCS.ctock during distinctly 
different phases implies that the effect of melatonin near 
the day-night transition is specific, based upon key 
structural determinants of the melatonin molecule. 

Specificity of the melatonin effect is further supported 
by experiments with the potent melatonin agonist, 
2-iodo-melatonin (2-l-melatonin) (Research Biochemi- 
cais Inc.). A 1 h exposure to 10 -9 M 2-I-melatonin early 
in the day, at CT 2.0, had little effect on the subsequent 
cycle of electrical activity ( ~ D e l a y  "-  0.6 h, n = 1), whereas 
treatment at CT 10.0, a time at which melatonin is highly 
effective, phase advanced the time-of-peak nearly 7 h 
(e^ = 6.8 h - 0.1, n = 3). The greater efficacy of 2-l- 
melatonin at the melatonin-sensitive time is consistent 
with its higher specific activity at melatonin binding sites. 
These results complement the finding that the SCN is 
insensitive to serotonin treatment at dusk and strengthen 
the case that the effects of melatonin on the SCN are 
specific. 

The concordance in temporal sensitivity to melatonin 
between in vivo d~ta on entrainment of behavioral 
rhythms and our in vitro data on phase-shifting of SCN 
electrical activity rhythm implies that melatonin acts di- 
rectly upon the SCN in the organism. We found signif- 
icant phase advances in the electrical activity rhythm of 
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