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Abstract 

Melatonin and the 5-hydroxytryptamine (5-HT)1A n receptor agonist 8-hydroxy-2-(di-n-propylamino)tetralin (8-OH DPAT) phase- 
advanced the circadian rhythm of neuronal action potential firing rate in rat suprachiasmatic nuclei (SCN) brain slices when applied at 
the end and middle of subjective day, respectively. The nitric oxide (NO) synthase inhibitor L-NG-nitroarginine methyl ester (L-NAME), 
but not the less active enantiomer D-NAME, blocked the agonist-induced phase-advances. The effects of L-NAME were reversed by the 
NO precursor L-arginine. The NO donors 3-morpholinosydnonimine (SIN-I) and S-nitroso-N-acetylpenicillamine (SNAP) mimicked 
the effects of melatonin and 8-OH DPAT at the appropriate times of day. This study demonstrates that the phase-shifting effects of 
melatonin and 5-HT on the SCN circadian pacemaker are mediated by NO. 
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The suprachiasmatic nuclei (SCN) are the site of the 
circadian pacemaker, or biological clock, of mammals 
[7]. The phase of the clock can be reset by several en- 
dogenous chemicals, including the pineal hormone mela- 
tonin [6,9,15], and the neurotransmitters glutamate [3] 
and 5-hydroxytryptamine (5-HT) [12]. Glutamate is the 
putative neurotransmitter mediating the regulatory effects 
of light [3,7], and 5-HT contributes to the regulatory ef- 
fects of arousing stimuli such as stress or exercise [8], on 
the phase of the circadian pacemaker. 

The clock survives in vitro, where it generates an in- 
trinsic circadian rhythm of spontaneous neuronal action 
potential firing rate [6]. Melatonin, 5-HT and glutamate 
are able to regulate the phase of the circadian clock in 
vitro only at restricted times of day. Glutamate induces 
phase-advances during early subjective night, and phase- 
delays during late subjective night [3]. Melatonin induces 
phase-advances [6,15] at the end of subjective day and 
the end of subjective night [5,6]. High affinity melatonin 
receptors [10] are present in the SCN, and are likely to be 
the site of action for the phase-shifting effects of mela- 
tonin [15]. 5-HT receptor agonists phase-advance SCN 
circadian rhythms during subjective day [12], most 
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probably via 5-HT7 receptors [8]. The intracellular trans- 
duction pathways through which glutamate, melatonin 
and 5-HT reset SCN oscillator cells in a temporally- 
regulated manner are not well understood. 

Several studies have demonstrated that the phase- 
shifting effects of light (in vivo) and glutamate receptor 
agonists (in vitro and in vivo) on the SCN clock involve 
synthesis of nitric oxide (NO) [1,3,17,18]. Although the 
isoform of NO synthase concerned is not known, the most 
likely candidate, neuronal NO synthase, has recently been 
identified in a small number of SCN cells [11]. The pres- 
ent study investigates whether NO is also involved in the 
effects of melatonin or 5-HT on the circadian pacemaker 
by testing the effects of compounds known to interfere 
with the NO synthetic pathway, on melatonin and 5-HT 
agonist-induced phase-advances of the circadian rhythm 
of neuronal discharge rate in rat SCN slices. 

Methods have been described previously [15]. Male 
Lister Hooded rats (150-250 g) were housed in a 12:12 h 
light/dark cycle for a minimum of 3 weeks prior to each 
experiment. Rat SCN brain slices were prepared and 
maintained in vitro for 2 days. Compounds were perfused 
over a submerged SCN slice for 1-2.5 h on the day of 
slice preparation, and the rhythm of single unit neuronal 
firing rates measured (approximately one cell every 
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5 min) from a single SCN slice on the following day. The 
circadian rhythm of mean (averaged into 1 h time bins) 
neuronal discharge rates, which is high during subjective 
day and low during subjective night [6,12,15] (Fig. la), 
indicates the phase of the clock by the timing of the firing 
rate peak. Responses to applied compounds were meas- 
ured as a phase-shift in the timing of the peak in firing 
rate compared to control slices. 

Melatonin (1 nM, concentration required for maximum 
response [15]; applied late subjective day at ZT9.5-10.5 
on day 1, where ZT = Zeitgeber time (hours) and ZT0 = 
time of lights on) produced a 3.1 __- 0.2 h (n = 4 slices; 
Fig. lb) phase-advance of the neuronal activity rhythm on 
day 2, compared to control slices (Fig. la). The NO syn- 
thase inhibitor L-N~-nitroarginine methyl ester (L-NAME; 
1 mM) blocked the phase-advance induced by melatonin 
(Fig. lc), whilst having no effect alone (Fig. le). L- 
NAME was not acting as a muscarinic receptor antagonist 
[2], since atropine (100 nM; applied ZT8.5-11) had no 
effect on the phase-advance induced by melatonin (1 nM; 
applied ZT9.5-10.5; phase-advance of 2.8 _+ 0.2 h; n = 3). 
The less active enantiomer D-NAME (1 mM) had no ef- 
fect on the melatonin-induced phase-advance (Fig. Id). L- 
Arginine (4 mM), the precursor of NO, partially reversed 
the blocking effect of L-NAME on the melatonin-induced 
phase-advance (phase-advance of 1.8 -+ 0.2 h; n = 3; Fig 
If), whilst having no effect alone (Fig. lg). 

The 5-HTIA/7 receptor agonist 8-hydroxy-2-(di-n- 
propylamino)tetralin (8-OH DPAT) (10/zM, concentra- 
tion required for maximum response; applied mid- 
subjective day at ZT6-7, time of maximum phase- 
advance [12]) produced a 3.8_+0.3 h (n= 3; Fig. 2a) 
phase-advance of the peak in firing rate on the following 
day. L-NAME (1 mM) also blocked the phase-advancing 
effect of 8-OH DPAT (Fig. 2b), whilst having no effect 
alone (Fig. 2d). D-NAME (1 mM) had no effect on the 8- 
OH DPAT-induced phase-advance (Fig. 2c). L-Arginine 
(4 mM) fully reversed the blocking effect of L-NAME on 
the 8-OH DPAT-induced phase-advance (phase-advance 
of 3.5 _+ 0.6 h; n = 3; Fig 2e), whilst having no effect 

Fig. 1. Melatonin-induced phase-advance of the circadian rhythm of 
neuronal firing rate in the rat SCN slice and its modulation by drugs 
acting on the NO pathway. (a) Control slices (peak at ZT7.1 _+ 0.2 h). 
(b) Melatonin (peak at ZT3.9 __. 0.2 h). (c) L-NAME plus melatonin 
(peak at ZT6.6 ___ 0.1 h). (d) D-NAME plus melatonin (peak at ZT4.3 _+ 
0.2 h). (e) L-NAME (peak at ZT6.8-+ 0.3 h). (f) L-Arginine plus L- 
NAME and melatonin (peak at ZT5.2 _+ 0.2 h). (g) L-Arginine (peak at 
ZT6.8 _+ 0.2 h). Points are the mean __. SEM from 3-5 slice experiments. 
Vertical bars illustrate time of drug administration on day 1. Melatonin, 
1 nM applied ZT9.5-10.5. L-NAME, 1 mM applied ZT8.5-11. D- 
NAME, 1 mM applied ZT8.5-11. L-Arginine, 4 mM applied ZT8.5-11. 
The times of peaks in (b,d,f) were significantly different from control 
slices (P<0.01),  whilst in (c,e,g) they were not (P>0.05; one-way 
ANOVA followed by Dunnett's multiple comparison test). Black hori- 
zontal bar illustrates subjective night (ZT12-0). Vertical line marks 
ZTT, the time of mean peak in control slices. Arrows illustrate approx- 
imate time of slice preparation. 

alone (Fig. 2f). These data suggest that NO synthesis is 
required for the phase-shifting actions of both melatonin 
and the 5-HT receptor agonist 8-OH DPAT on the SCN 
circadian pacemaker. 

Whether NO could phase-advance the clock in its own 
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Fig. 2. The effects of modulators of the NO pathway on the 8-OH 
DPAT-induced phase-advance of the circadian rhythm of neuronal 
activity in the rat SCN. (a) 8-OH DPAT (peak at ZT3.2 _ 0.3 h). (b) L- 
NAME plus 8-OH DPAT (peak at ZT7.0 ± 0.3 h). (c) D-NAME plus 8- 
OH DPAT (peak at ZT3.0_ 0.0 h). (d) L-NAME (peak at ZT6.7 + 
0.2 h). (e) L-Arginine plus L-NAME and 8-OH DPAT (peak at ZT3.5 _+ 
0.6 h). (f) L-Arginine (peak at ZT6.7- 0.2 h). Points are the mean +-. 
SEM from 3-4 slices. 8-OH DPAT, 10MM applied ZT6-7 on day 1. L- 
NAME, 1 mM applied ZT5-7.5. D-NAME, 1 mM applied ZT5-7.5. L- 
Arginine, 4 mM applied ZT5-7.5. The times of peaks in (a,c,e) were 
significantly different from control slices (P < 0.01), whilst in (b,d,f) 
they were not (P>0.05; one-way ANOVA followed by Dunnett's 
multiple comparison test). 
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Fig. 3. Effect of NO donors on the circadian rhythm of neuronal firing 
rate in rat SCN slice. The NO donors SNAP (10ktM, black bar; 
300FM, white bar), and SIN-I (3 raM, cross-hatched bar) were applied 
to the SCN slice at ZT6-7, 9.5-10.5 or 17.5-18.5 on day 1. These 
correspond to the approximate times of maximal phase-advance in- 
duced by 8-OH DPAT [12], melatonin [6] and glutamate [3], respec- 
tively. Data are expressed as mean phase-advance _+ SEM compared to 
control slices from three experiments. Times of peaks following NO 
donors were all significantly (P < 0.01) different from controls except 
for SNAP (10pM; P > 0.05) applied ZT6-7 and ZT9.5-10.5 (one-way 
ANOVA followed by Dunnett's multiple comparison test). 

right was tested using the NO donors  S-ni troso-N-acetyl-  
penic i l lamine  (SNAP) and 3 -morpho l inosydnon imine  
(SIN- l ) .  SNAP (10 / tM )  had no effect on the t iming of  
the peak when applied at either ZT6--7 or ZT9 .5 -10 .5  
(Fig. 3). However,  it was able to mimic  the effects of  
glutamate by inducing  a phase-advance  dur ing  late sub- 
ject ive night (ZT17.5-18 .5 ;  Fig. 3). A higher  concentra-  
tion of  SNAP ( 3 0 0 / t M )  and SIN-1 (3 mM)  (the concen-  
trations required to induce maximal  increase of  c G M P  
levels in cerebellar  slices [13]) were able to induce  phase- 
advances  of  the rhythm at Z T 6 - 7  and Z T 9 . 5 - 1 0 . 5  (Fig 3). 
The NO donors  were thus able to mimic  the phase-shifts  
induced by 5-HT, mela tonin  or glutamate,  at the appro- 
priate t imes of  day. The increased concent ra t ion  of  SNAP 
required to induce a phase-shift  dur ing  subject ive day 
compared to subject ive night  may reflect either a different  
target for the action of  NO dur ing  the two circadian 
phases, or a circadian change  in intracel lular  funct ioning,  
result ing in a different sensit ivity to the actions of  the NO 
donor. 

How mela tonin  and 5 -HT increase NO product ion,  or 
the isotype of  NO synthase involved,  is not  yet  known.  
Act ivat ion of  soluble guanyly l  cyclase, resul t ing in in- 
creased cGMP levels, is a major  target for the action of  
NO within cells [ 14]. Whether  guanyly l  cyclase is a target 
for the NO synthesised in response to mela ton in  or 5 -HT 
within the SCN remains  to be determined.  However ,  
mela tonin  increases c G M P  levels in a n u m b e r  of  tissues 
with a very similar concent ra t ion-response  relat ionship to 
its abili ty to phase-shift  the SCN clock [15,16]. 

These data suggest that, a l though mela tonin ,  5 - H T  and 
glutamate phase-shift  the clock at different  t imes of  day, 
they all require the activation of  NO synthesis.  This  must  
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imply that other mechanisms are responsible for, or con- 
tribute to, the restricted periods of sensitivity of SCN 
oscillator cells. A potential significance of NO as a media- 
tor of regulatory stimuli on clock function, is that, being a 
readily diffusible, intercellular signaller [14], it may syn- 
chronise individual oscillator cells within the SCN. The 
ability of NO to diffuse to nearby cells means that recep- 
tors triggering an increase in NO do not need to be pres- 
ent on clock-containing cells in order to regulate the 
phase of the circadian pacemaker. 
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Beresford and R.M. Hagan for their comments on the 
manuscript. 
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