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A b s t r a c t - - T h e  pineal hormone, melatonin, enhanced the sodium-independent binding of [3H]-y-amino- 
butyric acid ([3H]GABA) and [3H]muscimol in the rat cerebral cortex in vitro. This effect was augmented 
by preincubation of synaptic membranes with melatonin but was abolished by preincubation with Triton 
X-100. Saturation binding studies using [3H]GABA (2.5 to 1000 nM) indicated that the melatonin- 
induced enhancement of binding is due to an increase in low-affinity GABAA binding sites. These 
findings suggest that the central effects of melatonin involve modulation of GABAergic function. 

Extensive pharmacological and biochemical studies 
of the G A B A t  receptor complex have led to the 
concept of a benzodiazepine-GABA receptor 
chloride ionophore complex [1, 2]. Electrophysio- 
logical studies have shown that benzodiazepines 
(BZs) and barbiturates are capable of enhancing 
GABAergic neurotransmission [3]. Coupled with 
these findings is recent biochemical evidence that 
BZs and barbiturates enhance G A B A  binding in 
brain membranes [4]. Thus, it has been suggested 
that the sedative and anticonvulsive effects of these 
drugs involve modulation of G A B A  receptor activity 
[4]. 

The pineal hormone, melatonin, has been shown 
to possess anticonvulsive, sedative and hypnotic 
activities in both humans and animals [5,6]. 
However, the site(s) and mechanism of the actions 
of melatonin await clarification. Evidence that mela- 
tonin displaces [3H]diazepam binding in rat brain 
membranes [7] suggests an interaction of this 
hormone with the G A B A  receptor complex. We 
have therefore examined the effect of melatonin 
on G A B A  binding in vitro. 

MATERIALS AND METHODS 

Radioligands and chemicals. [3H]GABA (80 Ci/ 
mmol) and [3H]muscimol (15-30Ci/mmol) were 
obtained from New England Nuclear. Melatonin and 
GABA were purchased from Sigma, and diazepam 
was donated by Hoffmann-LaRoche. 

Preparation of synaptic membranes. Male 
Sprague-Dawley or Wistar rats (200--400g) were 
decapitated, and brain tissues were rapidly dissected 
and prepared as previously described [8]. Synaptic 
membranes were used in the binding assay immedi- 
ately after preparation or were frozen at - 2 0  ° for 
at least 18-20 hr before use. In some experiments, 

tissues were treated with Triton X-100 as previously 
reported [8]. Membranes were resuspended in 20- 
50 vol. of either Tris--citrate or Tris-HCl (0.05 M, 
pH 7.1) buffer for binding assays. 

Preinct~bation with melatonin or diazepam. Ali- 
quots (0.9 or 0.45 ml) of synaptic membrane sus- 
pensions were preincubated in triplicate with 
melatonin or diazepam (as indicated) for 60 min at 
0--4 ° as preliminary experiments indicated that the 
effects of melatonin on G A B A  binding were aug- 
mented under these conditions. Control samples 
were preincubated under identical conditions but no 
drugs were added to these tissues. During pre- 
incubation of both control and drug-treated samples, 
all assay components were present with the sole 
exception of the radioligand. 

Binding assays. Following preincubation, samples 
were incubated with 50 nM [3H]GABA for 10 min at 
4 °, or 2.5 nM [3H]muscimol for 30 min at 0 ° in single- 
point binding experiments. A range of radioligand 
concentrations was used in saturation studies as indi- 
cated. Bound [3H]muscimol was separated by rapid 
filtration as previously described [8]. Samples incu- 
bated with [~H]GABA were centrifuged at 48,000 g 
for 10 min at 4 ° to separate bound ligand. The super- 
natant fraction was decanted, and the pellet was 
rinsed rapidly with 2 x 4 ml of ice-cold buffer. The 
pellets were then solubilized overnight in 0.25 ml 
Protosol (New England Nuclear), and radioactivity 
was determined as previously described [8]. Specific 
binding was defined as total bound radioactivity 
minus binding in the presence of excess (10 -4 M) 
unlabeled G A B A  or bicuculline. Protein content was 
measured by the method of Lowry et al. [9]. 

Data analysis. Binding parameters were deter- 
mined using a non-linear least squares curve-fitting 
program (BDATA,  EMF software, Knoxville, TN). 
Statistical analysis was done by Student's t-test. 

* Address correspondence to: Dr. Lennard P. Niles, 
Department of Neurosciences, McMaster University, 1200 
Main Street West, Hamilton, Ontario, Canada L8N 3Z5. 

t Abbreviations: GABA, y-aminobutyric acid; and BZ, 
benzodiazepine. 

RESULTS 

Effects of  Triton X-100 or freezing. Melatonin at a 
concentration of 10 -7 M increased the specific binding 
of [3H]muscimol by about 24% in the rat frontal 
cortex. Pre-treatment of membranes with 0.05% Tri- 
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Fig. 1. [3H]Muscimoi binding in fresh cortical synaptic 
membranes or Triton X-100-treated membranes as a func- 
tion of melatonin concentration. Membranes were incu- 
bated in 0.05 M Tris-citrate buffer (pH7.1) with 2.5 nM 
radioligand. Points represent means -+ SEM of four experi- 
ments conducted in triplicate. Key: (*) P < 0.01 for Triton 

X-100-treated vs fresh membranes. 

ton X-100 abolished the enhancing effect of melatonin 
as shown in Fig. 1. Freezing synaptic membrane prep- 
arations, like Triton X-100 treatment, resulted in an 
increase in specific G A B A  binding. However, in con- 
trast to Triton X-100 pretreatment, a single freeze- 
thaw cycle augmented the effects of melatonin, 
whereas membranes subjected to two freeze-thaw 
cycles were less responsive to melatonin (data not 
shown). 

Effects of preincubation with melatonin or 
diazepam. Maximal effects of melatonin on G A B A  
binding were observed following preincubation of 
synaptic membranes with the hormone prior to assay. 
A 30-min preincubation with 10-4M melatonin 
resulted in a 30% increase of [3H]GABA binding, 
while a 60-min preincubation yielded a 60% increase 
with the same melatonin concentration. The effects 
of diazepam were also enhanced by preincubation 
(Fig. 2). 

Dose-dependent effects of melatonin and 
diazepam. Melatonin and diazepam (10 -9 tO 10 -4 M) 
caused dose-dependent increases of 15-60% in 
[3H]GABA (50nM) binding. The concentration 
(ECs0) of melatonin that caused half-maximal 
enhancementofbindingwasl.5 × 10 -5 M. Diazepam 
was about fourteen times more potent than melatonin 
and had an EC50 of 1.1 × 10 -6 M. 

Effects of melatonin on [3H]muscirnol binding. 
Melatonin, at a concentration of 10 -4 M, caused a 
significant increase of 96% in the density of high- 
affinity [3H]muscimol binding sites in rat cortical 
membranes. A concomitant decrease of more than 
3-fold in binding affinity was also observed (Table 
1). 

Effects of melatonin on [3H]GABA binding. As 
indicated in Table 2, 10 -4 M melatonin did not alter 
significantly high-affinity G A B A  binding. However, 
the density of low-affinity binding sites was increased 
significantly by about 120% in the presence of mela- 

tonin ,  which also caused a decrease in binding 
affinity. 

Effects of cliazepam on [3H]GABA binding. 
Diazepam increased the affinity of high-affinity sites 
but did not alter the density of these sites. As 
observed with melatonin,, diazepam at a con- 
centration of 10-4M, significantly enhanced low- 
affinity G A B A  binding. In the presence of diazepam, 
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Fig. 2. Effects of preincubation with melatonin or diazepam on [3H]GABA binding in rat cerebral cortex. 
Previously frozen synaptic membranes were preincubated with melatonin or diazepam at 4 ° for the 
indicated periods and then incubated with 50 nM [3H]GABA as described in Materials and Methods. 
Means --+ SEM of two to four experiments conducted in triplicate are presented. Values represent 
percent binding relative to control binding (in the absence of drugs) which was calculated as 100% for 

each condition. Key: (*) P < 0.05, (**) P < 0.01 and (***) P < 0.005 vs controls. 
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low-affinity sites exhibi ted an increase in binding 
affinity and about  a 94% increase in density (Table  
3). 

DISCUSSION 

The present  findings indicate that the pineal 
hormone ,  mela tonin ,  is capable  of  enhancing the in 
vitro binding of G A B A  in the rat brain. A similar in 
oivo enhancement  of  low-affinity G A B A  binding in 
the CNS has also been  observed recently following 
chronic administrat ion of  mela tonin  to male  rats [10]. 
Thus, the psychopharmacological  effects of  mela-  
tonin may be due to modula t ion  of central  G A B A  
receptor  function as previously repor ted  for the 
benzodiazepines  and barbi turates  [4]. 

Since the range of  [3H]muscimol concentrat ions  
used in this study labeled primari ly high-affinity sites, 
as indicated by the Kd values in Table  1, it appears  
that melatonin is capable  of  al tering the charac- 
teristics of  high-affinity G A B A  binding sites. 
However ,  saturat ion studies with [3H]GABA indi- 
cate that the p redominan t  effects of this ho rmone  
are on low-affinity G A B A  receptor  sites. The  results 

presented in Table  2 suggest that  mela tonin  
decreases the affinity of  low-affinity sites while 
increasing the density of  these sites. Never theless ,  
an al ternat ive explanat ion should also be considered.  
Recent  reports  have indicated the presence of  a 
central G A B A  binding site with super- low affinity 
(Kd = --1 #M),  which is not  detected  consistently in 
binding assays [11]. It is therefore  possible that the 
effect of melatonin on G A B A  binding is due to the 
conversion of  super-low affinity sites to low- (or inter- 
mediate)  affinity sites, thus making them more  readily 
detectable  in binding assays. This is similar to the 
effect of barbi turates  on G A B A  binding [11] and 
would account for the enhancement  of  low-affinity 
site density as indicated in Table  2. 

The effects of  mela tonin  were  observed con- 
sistently in saturat ion binding studies, but  we have 
had some difficulty in replicating these effects in 
single-point binding studies. This may be due to loss 
of binding during the separat ion procedure  since 
melatonin appears to be primari ly interacting with 
very-low-affinity sites as already discussed. It is con- 
ceivable that the r andom loss of  low-affinity binding 
would have more  significant effects on the con- 

Table 1. Effects of melatonin on high-affinity binding of [3H]muscimol in rat brain synaptic 
membranes with or without Triton X-100 treatment 

Kd (nM) Bmax (fmol/mg protein) 

Tissue treatment Control Melatonin Control Melatonin 

None 6.9 --- 0.9 25 -+ 1.8" 1372 -+ 20 2689 --- 14" 
Triton X-100 3.5 --- 0.2 3.9 --- 0.3 5316 -+ 214 5306 --- 189 

Frozen cortical membranes were thawed and treated with 0.05% Triton X-100 as pre- 
viously reported [8]. Membranes were incubated with [3H]muscimol (0.3 to 80 nM) at 0 ° for 
30 min following preincubation with or without melatonin (10 -4 M) at 0-4 ° for 60 min. Means 
___ SEM for four experiments conducted in duplicate are presented. 

* P < 0.05 vs control. 

Table 2. Effects of melatonin (10 -4 M) on [3H]GABA binding in rat brain 

K d  1 Bmaxl Kd 2 gmax2 
Treatment (nM) (fmol/mg protein) (nM) (fmol/mg protein) 

Control 38 -+ 4 637 -+ 123 200 _+ 19 3661 -+ 348 
Melatonin 28 -+ 3 864 +_ 132 394 - 45* 8097 --- 817" 

Frozen forebrain membranes were thawed, incubated at 37 ° for 30 rain, and washed three 
times in the assay.buffer before use in binding experiments. Membranes were preincubated 
with or without melatonin at 0-4 ° for 60 min. Saturation binding of [3H]GABA was determined 
using a fixed concentration of radioligand and a range of nonradioactive GABA concentrations 
(2.5 to 1000 nM). Means -+ SEM for four experiments conducted in triplicate are presented. 

* P < 0.01 vs control. 

Table 3. Effects of diazepam (10 -'I M) on [3H]GABA binding in rat brain 

Kal Bmaxl K d  2 Bmax2 
Treatment (nM) ( fmol/mg protein) (nM) ( fmol/mg protein) 

Control 38 -+ 6 810 -+ 96 191 -+ 23 1883 -+ 183 
Diazepam 17 --- 2* 731 -- 196 100 _+ 7f 3645 -+ 363t 

Assays were carried out as described in Table 2. Means ~ SEM for six experiments conducted 
in triplicate are presented. 

* P < 0.01 vs control 
f P < 0.001 vs control. 
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sistency of single-point studies with one con- 
centration of radioligand, as compared with 
saturation studies utilizing several concentrations of 
radioligand. 

The alteration in binding affinity induced by mela- 
tonin has also been reported for diazepam. Some 
investigators observed a decrease in the affinity of 
low-affinity G A B A  binding sites in the presence of 
diazepam [12], whereas others attributed the effects 
of diazepam to an increase in the affinity of low- 
affinity G A B A  receptor sites [13]. Our findings are 
in agreement with the latter report  [13], as saturation 
experiments indicated that diazepam significantly 
enhanced the affinity of low-affinity sites for G A B A  
(Table 3). Interestingly, although the effect of 
diazepam on the affinity of low-affinity sites for 
G A B A  appears to be opposite to that of melatonin, 
both of these compounds significantly increased the 
number of these sites. This similarity in the effects of 
diazepam and melatonin on G A B A  binding suggests 
that a common mechanism of action may be 
involved. Melatonin displaces [3H]diazepam from 
BZ binding sites [7]; therefore, it may act on these 
sites to allosterically modulate G A B A  binding. In 
keeping with this view, we have found that the BZ 
antagonist, Ro15-1788, is capable of blocking the 
effect of melatonin on G A B A  binding (unpublished 
observations). These studies have been hampered by 
the ability of Ro15-1788 to alter baseline G A B A  
binding, as previously reported by other investigators 
[14]. 

Melatonin competes for BZ binding sites in rat 
brain with an affinity of about 400 #M [7] which 
greatly exceeds circulating and brain levels of this 
hormone [15, 16]. Thus, only the pharmacological 
effects of melatonin involve BZ binding sites. How- 
ever, the observation that nanomolar concentrations 
of melatonin are able to alter G A B A  binding indi- 
cates that high-affinity and physiologically relevant 
binding sites for melatonin [17] are also involved in 
modulating GABAerg ic  function. 

Given the similarities in their pharmacological 
effects and the fact that both diazepam and melatonin 
are highly lipophilic compounds, it is possible that 
like diazepam [18] melatonin increases membrane 
fluidity by stimulating phospholipid methylation. 
This may be the mechanism underlying melatonin's 
enhancement of G A B A  binding, since phospholipid 
methylation increases G A B A  binding in brain mem- 
branes [19]. The observation that preincubation aug- 
mented the effects of melatonin and diazepam on 

G A B A  binding suggests that maximal expression of 
the underlying mechanism requires more time than 
the typical 10-min incubation used in G A B A  binding 
experiments. This is in keeping with the suggestion 
of involvement of phospholipid rnethylation which is 
a t ime-dependent process. Further studies are 
required to determine the site(s) and mechanism 
of the modulatory effects of melatonin on central 
GABAergic  function. 

Acknowledgements--This work was supported by the Onta- 
rio Mental Health Foundation. L. P. N. holds an OMHF 
Career Award. We thank Ms. Shelley Gormley for typing 
the manuscript. 

REFERENCES 

1. R. W. Olsen, A. Rev. Pharmac. Toxic. 22, 245 (1982). 
2. M. K. Ticku, Neuropharmacology 22, 1459 (1983). 
3. A. J. Turner and S. R. Whittle, Biochem. J. 209, 29 

(1983). 
4. F. DeFeudis, Pharrnac. Res. Comrnun. 15, 29 (1983). 
5. F. Anton-Tay, J. L. Diaz and A. Fernandez-Guardiola, 

Life Sci. 10, 841 (1971). 
6. D. Sugden, J. Pharmac. exp. Ther. 227, 587 (1983). 
7. P. Marangos, J. Patel, F. Hirata, D. Sonhein, S. M. 

Paul, P. Skolnick and F. K. Goodwin, Life Sci. 29,259 
(1981). 

8. F. M. Coloma and L. P. Niles, Prog. Neuro-Psy- 
chopharmac, bioL Psychiat. g, 669 (1984). 

9. O. H. Lowry, N. J. Rosebrough, A. L. Farr and R. J. 
Randall, J. biol. Chem. 193, 265 (1951). 

10. L. P. Niles, D. S. Pickering and M. A. Arciszewski, J. 
neural Transm. 70, 117 (1987). 

11. R. W. Olsen andA. M. Snowman,./. Neurosci. 2, 1812 
(1982). 

12. G. Biggio, A. Concas, M. Serra, M. Salis, M. G. Corda, 
V. Nurchi, C. Crisponi and G. L. Gessa, Brain Res. 
3tl5, 13 (1984). 

13. J. H. Skerritt, M. Willow and G. A. R. Johnston, 
Neurosci. Lett. 29, 63 (1982). 

14. A. Concas, M. Serra, G. Crisponi, V. Nurchi, M. G. 
Corda and G. Biggio, Life Sci. 36, 329 (1985). 

15. B. Withyachumnarnkul and K. M. Knigge, Neuro- 
endocrinology 30, 382 (1980). 

16. S. H. Koslow and A. R. Green, in Adoances in Bio- 
chemical Psychopharmacology (Eds. E. Costa and B. 
Holmstedt), Vol. 7, p. 33. Raven Press, New York 
(1973). 

17. L. P. Niles, J. Pineal Res. 4, 89 (1987). 
18. W. J. Strittmatter, F. Hirata, J. Axelrod, P. Mallorga, 

J. F. Tallman and R. C. Henneberry, Nature, Lond. 
282, 857 (1979). 

19. B. Di Perri, G. Calderini, A. Battistella, R. Raciti and 
G. Toffano, J. Neuroehem. 41,302 (1983). 


