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Background: Excessive exposure to club drug gamma-hydroxybutyric acid (GHB) would cause cognitive dysfunction in which impaired 
Ca2+-mediated neuroplasticity in hippocampus may play an essential role in the pathogenesis of this deficiency. Considering melatonin 
is positive for neuroplastic regulation, the present study aims to determine whether melatonin would exert a neuro-protective effect on 
cognitive function following GHB.
Materials and Methods: Adolescent rats subjected to ten days of GHB (500 mg/kg) and received 10 or 100 mg/kg of melatonin were 
processed for time-of-flight secondary ion mass spectrometry (TOF-SIMS), quantitative immunohistochemistry, biochemical and 
radiographic assay, together with Morris water maze to analyze the ionic, neurochemical, bio-energetic, and behavioral effects of 
melatonin on GHB-induced cognitive dysfunction, respectively.
Results: In GHB intoxicated rats, decreased Ca2+ imaging and depressed Ca2+-mediated signaling were detected in hippocampal neurons. 
The diminished expression of these signaling molecules corresponded well with intense oxidative stress, reduced bio-energetics, and 
poor performances in cognitive activities. However, in rats received different doses of melatonin during GHB intoxication, all above 
parameters were gradually returned to nearly normal levels in which the maximal change was detected in animals given the dose of 100 
mg/kg.
Conclusion: As melatonin effectively preserves cognitive function by saving the hippocampal bio-energetics through maintaining the 
Ca2+-mediated neuroplasticity, therapeutic use of melatonin may thus serve as a promising strategy to improve or counteract cognitive 
dysfunction induced by drug addiction prevailing in our society nowadays.
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Gamma-hydroxybutyric acid (GHB) is a new club drug with highly addictive potential among adolescents [1-3]. Due to its 
significant euphorigenic effects, excessive exposure to GHB would cause cognitive dysfunction, cardiovascular disorder, metabolic 
deficiency and even death [4-8]. However, despite the abuse and prevalence of GHB is an on-going public health problem in our 
society, the mechanism(s) of GHB-induced cognitive dysfunction is still not well known and remains an under-researched topic 
[9]. Within the past few years, the impaired Ca2+-mediated neuroplasticity in the hippocampus has been suggested to be positively 
correlated with the formation of cognitive deficiency [10-12]. Through extensively interrupting the Ca2+-mediated signaling, 
hippocampal neurons would suffer from bio-energetic dysfunction, which subsequently contributes to the impairment of synaptic 
function and cognitive activity [10].
Long-term potentiation (LTP) is a molecular phenomenon characterized by pronounced synaptic transmission that plays an 
important role in memory formation and cognitive activity [13-15]. The N-methyl-D-aspartate (NMDA) receptor-mediated Ca2+ 
influx into post-synaptic neurons is the critical event leading to the induction of LTP [16,17]. Extensive influx of Ca2+ would 
trigger nitric oxide (NO) production, which strengthens the synaptic transmission through modulating the gene transcription 
factor activity [18,19]. Repeated GHB exposure has been reported to depress the cortical NMDA receptor expression [20]. 
Pharmacological reports also demonstrated that GHB overdose would cause oxidative stress that consequently leads to learning and 
memory deficiency [21,22]. As depressed LTP and oxidative stress play essential roles in impairing cognitive function, exploring 
the bio-energetics as well as the molecular machinery engaged in neuroplastic regulation would shed an important light for clinical 
design of therapeutic agent to decrease or counteract the GHB-related cognitive deficiency.
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Melatonin, the chief secretory product of pineal gland, is a potential regulator of memory formation, long-term potentiation, 
synaptic transmission, as well as neuronal plasticity [23-25]. During the past few years, the functional role of melatonin in improving 
cognitive function under a variety of experimental insults has been greatly reported [26-30]. It is indicated that the neuroprotective 
effects of melatonin on cognitive function was mediated by effectively reducing the hippocampal oxidative stress and successfully 
enhancing the signaling molecules participated in bio-energetic activity [31,32]. Based on this viewpoint, application of melatonin 
in the treatment of cognitive dysfunction induced by GHB may therefore be worthy of trial to preserve the well-maintenance of 
learning and higher conscious activity.

However, although the functional role of Ca2+-mediated signaling in potentiating the hippocampal neuroplasticity has been well 
documented [10], the potential changes of in vivo Ca2+, together with the molecular machinery involved in bio-energetic regulation 
following GHB has never been reported. Moreover, whether GHB-induced cognitive dysfunction would effectively be restored by 
melatonin administration still remains to be further explored. In order to answer these questions, the present study is firstly aimed 
to determine the neuroplastic and bio-energetic changes induced by GHB through molecular imaging, spectrometric, biochemical, 
neurochemical, as well as behavioral approaches. Secondly, as to investigate whether melatonin would exert a neuroprotective 
effect on cognitive function, two different doses of melatonin (with a ten-fold difference) were administrated to adolescent rats 
subjected to GHB.

Treatment of Experimental Animals
Adolescent male Wistar rats obtained from the Laboratory Animal Center of the Chung Shan Medical University were used 
in this study. The experimental animals were divided into five groups equally. Rats in the first group (Group I, n = 10) were 
intraperitoneally (i.p.) injected with GHB (500 mg/kg) for ten successive days. Rats in the second to fourth groups were daily 
injected with 500 mg/kg GHB combined with Ringer’s solution (Group II) or melatonin at the doses of 10 mg/kg (Group III) and 
100 mg/kg (Group IV), respectively, between 10:00 and 10:30 h. Rats in the last group (Group V) did not receive any treatment 
and kept as normal untreated control. GHB (courtesy of the Food and Drug Administration, Ministry of Health and Welfare, 
Taipei, Taiwan) was prepared in physiological saline. Melatonin (Sigma, St. Louis, MO, USA) was first dissolved in absolute alcohol 
and then diluted in Ringer’s solution with the final ethanol concentration less than 1%. During the experimental period, all rats 
were exposed to the light-dark cycle of 12:12 (light on 07:00 – 19:00 h) at a constant temperature of 25 ± 1oC. The animals were 
allowed to food and water ad libitum. In the care and handling of all experimental animals, the Guide for the Care and Use of 
Laboratory Animals (1985) as stated in the United States NIH guidelines (NIH publication No. 86-23) were followed. All the 
experimental procedures were further approved by the Committee on Care and Use of Laboratory Animals of the Chung Shan 
Medical University (IACUC Approval No 9426).

Materials and Methods

Morris Water Maze Learning Test
After ten days of GHB or melatonin consecutive administration, all rats were undergone the Morris water maze test to examine 
the performance of spatial learning and memory [28]. Rats placed in the water maze were trained to find the hidden platform 
according to the spatial cues in the experimental room. Place learning was assessed for eight training trials on the last day of 
the experiment. The maze performance was recorded by a video camera suspended above the maze and interfaced with a video 
tracking system (San Diego Instruments, CA, USA).
A probe trial was given 12 h after training, and the percent time spent in the target quadrant was used to indicate the degree of 
memory consolidation that has taken place after learning [28].

To test the possible deficits in motoric function after GHB, the rats were tested with a visible platform. The swimming speed to 
reach the platform was also recorded for each trial.

Perfusion and Tissue Preparation
For TOF-SIMS and quantitative morphological analysis, half amounts of rats from all experimental groups were deeply anesthetized 
with 7% chloral hydrate and perfused transcardially with saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer (PB). 
After perfusion, the hippocampus was removed and cut into 30-μm-thick sections with a cryostat (CM3050S, Leica Microsystems, 
Wetzlar, Germany) on the following day. The collected sections were alternatively placed into three wells of a culture plate. Sections 
collected in the first well were processed for TOF-SIMS analysis, and those in the second and third wells were processed for NMDA 
receptor subunit 1 (NMDAR1) and phosphorylated cAMP-response element binding protein (p-CREB) immunohistochemistry, 
respectively.

TOF-SIMS Analysis
TOF-SIMS analysis was carried out on a TOF-SIMS IV instrument (ION-TOF GmbH, Munster, Germany) as described in our 
previous studies [11,33]. Gallium (Ga+) ion gun operated at 25 kV was used as the primary ion source. Positive secondary ions flying 
through a reflection mass spectrometer were detected with a micro-channel plate. The paraformaldehyde and a set of standard 
peaks [like m/z 15 (CH3

+), 27 (C2H3
+), and 41 (C3H5

+)] were used as mass calibration to ameliorate the potential matrix effect for 
ion spectrums [33]. The ions related to m/z 23, m/z 39.09, and m/z 40.08 was used to identify Na+, K+, and Ca2+, respectively.
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Quantitative NMDAR1 and p-CREB Immunohistochemistry
For NMDAR1 and p-CREB immunohistochemistry, sections placed in blocking medium were incubated with primary antibody 
against NMDAR1 (1:75) (Chemi-Con AB1516, Temecula, CA, USA) and p-CREB (1:100) (Cell Signaling 9198, Danvers, MA, 
USA) for 48 h at 4 oC. Following that, sections were incubated with a biotinylated secondary antibody (1:200) (Vector Laboratories, 
Burlingame, CA, USA) at room temperature for 2 h, followed by standard avidin-biotin complex procedure with diaminobenzidine 
as a substrate of peroxidase.

Measurement of Hippocampal Lipid Peroxidation
The hippocampus excised from another half amounts of rats were homogenized and centrifuged firstly. The supernatants were then 
taken for detecting MDA by measurement of fluorescence product formed from the reaction of MDA with thiobarbituric acid. 
The results were determined spectrophotometrically at 532 nm using tetraethoxypropane as a standard, and expressed as nmol/
mg [34].

Hippocampal nNOS Activity Assay
Total nNOS activity was determined by measuring the conversion of L-[14C]-arginine to L-[14C]-citrulline [11]. Hippocampal 
extract (50 μL) incubated in reaction mixture were applied to Dowex AG50W-X8 column to remove L-[14C]-arginine. The 
L-[14C]-citrulline was quantified by liquid scintillation spectrophotometry (Beckman LS 3801). 1 U of total nNOS activity was 
defined as picomoles of L-[14C]-citrulline produced per minute per microgram protein. The nNOS activity was expressed as units 
per milligram of hippocampal protein (U/mg Protein).

Hippocampal Na+/K+ ATPase Activity Assay
For hippocampal Na+/K+ ATPase activity assay, tissue samples were homogenized and centrifuged firstly. The supernatants were 
then used for Na+/K+ ATPase activity assay by reacting with incubation medium at 37 oC. After that, the reaction was initiated 
by addition of ATP to a final concentration of 3 mM. Controls were carried out under the same conditions with the addition of 1 
mM of ouabain. Specific activity of Na+/K+ ATPase was expressed as nmol of inorganic phosphate (Pi) released per min per mg of 
protein.

Hippocampal Bio-Energetic Mapping with [14c]-2-Deoxyglucose (2-DG)
To evaluate the hippocampal bio-energetic activity, rats from each experimental groups were intra peritoneally injected with 
2-DG (100 μCi/kg; specific activity = 390 mCi/mmol.; VWR, Radnor, PA, USA) after ten days of GHB exposure with or without 
melatonin treatment. After 45 min, animals were perfused and the hippocampal sections were apposed to high-resolution X-ray 
film (Structurix, Agfa, Belgium) with [14C] microscales (Amersham, Piscataway, NJ, USA). Sections were exposed at -80 oC for ten 
days. After that, films were developed, fixed, and then digitized for the uptake of 2-DG followed the methods described previously 
[35].

Quantitative Study and Image Analysis
The general approach for quantitative image analysis was similar to our previous studies [28,36]. A computer based image analysis 
system along with the Image-Pro Plus software (Media Cybernetics, Silver Spring, MD, USA) was used to quantify the staining 
intensity. The hippocampal neurons reacted for NMDAR1 and p-CREB were densitometrically measured, and all readings were 
averaged to obtain the total OD (TOD). Background staining (BOD) was measured on vascular spaces adjoining the hippocampus. 
True OD was expressed by subtracting the BOD from TOD, so that each measurement was made in an unbiased way. All images 
were captured on the same day by the same experimenter to maintain the uniform settings.

Statistical Analysis
For TOF-SIMS analysis, spectral intensity detected from each section were normalized to ion intensity of paraformaldehyde (serve 
as base line = 100 %) and expressed as percentage above the base line [33]. Statistical analysis was performed with SPSS for 
Windows, version 17.0. Comparisons of the data acquired from different experimental groups were subjected to Kolmogorov-
Smirnov test for analyzing the pattern of normality. Those qualified were subsequently processed for one-way ANOVA followed by 
Bonferroni post hoc test [37]. Statistical difference was considered significant if P < 0.05.

Results
In normal untreated rats, strong Ca2+ intensities with significant intracellular localization were detected in hippocampal neurons 
by the use of ionic imaging and TOF-SIMS analysis (Figure 1A,E). The enhanced hippocampal Ca2+ expression corresponded well 
with the quantitative immunohistochemical and biochemical studies in which an intense NMDA receptor expression (Figure 
2A,E), high level of nNOS activity (Figure 3), and enhanced CREB phosphorylation (p-CREB) (Figure 4A,E) were all clearly 
detected in hippocampus of normal untreated animals. The normal activation of these molecular elements positively correlated 
with the intact bio-energetics in which lower level of oxidative stress (Figure 5), enhanced Na+/K+ ATPase activity (Figure 6A,E,I), 
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Figure 1: TOF-SIMS positive spectra/ionic imaging (A-D) and histogram (E) showing the hippocampal Ca2+ expression in the normal untreated 
(A), γ-hydroxybutyric acid (GHB) intoxicated (B), and GHB intoxication with 10 mg/kg (C) and 100 mg/kg (D) melatonin treated rats. The ionic 
imaging of Ca2+ signaling is expressed by a color scale in which bright colors represent high levels of Ca2+. Note that in normal untreated rats, strong 
calcium intensity with significant intracellular localization was detected in pyramidal neurons of the hippocampus [arrows in (A)]. Following GHB 
intoxication, the hippocampal Ca2+ expression was drastically decreased in both terms of ionic intensity and intracellular distribution (B). However, 
in animals intoxicated by GHB and received different doses of melatonin, the hippocampal Ca2+ expression was significantly increased in which the 
maximal increment was observed in animals receiving higher dose of melatonin (100 mg/kg) (D). Data from normalized spectral intensity analysis 
corresponded well with imaging findings in which melatonin effectively increase the hippocampal Ca2+ intensity (E). Also note that the spectral 
intensity for normalization (i.e. CH3 at m/z 15) were similar among numerous experimental groups, suggested that the intensity change of Ca2+ 
detected was a reliable and distinct effect. Scale bar = 100 μm. (A-D).

 and strong radioactive signals of 2-DG (Figure 7A,E) were markedly demonstrated in hippocampal neurons of normal untreated 
ones. Behavioral data coincided well with above findings in which animals expressed higher bio-energetics exhibited good 
performances in Morris water maze test of spatial learning (Figure 8A) and spatial memory (Figure 8B).
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Figure 2: Light photomicrographs (A-D) and histogram (E) showing the hippocampal N-methy- D-aspartate receptor subunit 1 (NMDAR1) 
immunoreactivity in the normal untreated (A), γ-hydroxybutyric acid (GHB) intoxicated (B), and GHB intoxication with 10 mg/kg (C) 
and 100 mg/kg (D) melatonin treated rats. Note that in normal untreated rats, numerous NMDAR1 immunoreactive neurons with strong 
staining intensities were observed in hippocampal pyramidal cell layers (A). Following GHB intoxication, the NMDAR1 immunoreactivity 
was drastically decreased (B). However, in animals intoxicated by GHB and received different doses of melatonin, the hippocampal NMDAR1 
immunoreactivity was gradually returned to nearly normal levels in which the highest expression was detected in animals received melatonin 
at 100 mg/kg (D). Densitometric analysis supported the neurochemical findings in which melatonin effectively preserved the optical density 
of hippocampal NMDAR1 immunoreactivity (E). Rad: stratum radiatum; SLu: stratum lucidum; P: pyramidal cell layer; Or: stratum oriens. 
Scale bar = 200 μm. (A-D).

Figure 3: Histogram showing the neuronal nitric oxide synthase (nNOS) activity in the hippocampus of normal untreated, 
γ-hydroxybutyric acid (GHB) intoxicated, and GHB intoxication with 10 mg/kg and 100 mg/kg melatonin treated rats. Note 
that GHB exposure remarkably decreases the hippocampal nNOS activity. However, in animals exposed to GHB and received 
different doses of melatonin, the hippocampal nNOS activity was significantly increased with the maximal change observed 
in animals received melatonin at the dose of 100 mg/kg.
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Figure 4: Light photomicrographs (A-D) and histogram (E) showing the phosphorylated cAMP- responsive element binding protein (p-CREB) 
immunoreactivity in the hippocampus of normal untreated (A), γ-hydroxybutyric acid (GHB) intoxicated (B), and GHB intoxication with 
10 mg/kg (C) and 100 mg/kg (D) melatonin treated rats. Note that in normal untreated rats, numerous neurons with strong p-CREB staining 
intensities were observed in the CA1 region of hippocampus (A). Following GHB intoxication, the immuno-expression of hippocampal p-CREB 
was drastically decreased (B). However, in animals intoxicated by GHB and received different doses of melatonin, the hippocampal p-CREB 
immunoreactivity were significantly increased in which the highest expression was detected in animals received 100 mg/kg of melatonin 
(D). Computerized image analysis corresponded well with immunohistochemical findings in which melatonin successfully preserved the 
hippocampal p-CREB immunoreactivity (E). Scale bar = 200 μm. (A-D).

Figure 5: Histogram showing the extent of oxidative stress [as demonstrated by malondialdehyde (MDA) level] in the hippocampus of 
normal untreated, γ-hydroxybutyric acid (GHB) intoxicated, and GHB intoxication with 10 mg/kg and 100 mg/kg melatonin treated rats. 
Note that intense oxidative stress was detected in the hippocampus of GHB intoxicated rats. However, in animals intoxicated by GHB and 
received different doses of melatonin, the hippocampal oxidative stress was significantly decreased in which the maximal reduction was 
observed in animals received melatonin at the dose of 100 mg/kg.
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Figure 6: TOF-SIMS ionic imaging (A-H) and histogram (I) showing the intracellular Na+ (A-D), K+ (E-H), and Na+/K+ ATPase activity (I) in the hippocampus 
of normal untreated (A,E), γ-hydroxybutyric acid (GHB) intoxicated (B,F), and GHB intoxication with 10 mg/kg (C,G) and 100 mg/kg (D,H) melatonin treated 
rats. Note that in normal untreated rats, mild Na+ and intense K+ signaling were detected in the intracellular portion [arrows in (A) and (E)] of hippocampal 
neurons. The relative low level of intracellular Na+ corresponded well with the normal expression of Na+/K+ ATPase activity (I). However, following GHB 
intoxication, excessive accumulation of intracellular Na+ was observed in hippocampal neurons [arrows in (B)]. The impairment of ionic regulation after GHB 
was evidently expressed by disrupted Na+/K+ ATPase activity (I). Nevertheless, in animals intoxicated by GHB and received different doses of melatonin, the 
Na+/K+ ATPase activity was significantly recovered (I) which coincided well with the reduction of hippocampal intracellular Na+ overload [arrows in (C) and 
(D)]. Scale bar = 100 μm. (A-H).

Figure 7: Colored autoradiograms (A-D) and histogram (E) showing the bio-energetic status [as demonstrated by [14C]-2-deoxyglucose (2-DG) 
activity] in the hippocampus of normal untreated (A), γ-hydroxybutyric acid (GHB) intoxicated (B), and GHB intoxication with 10 mg/kg (C) and 100 
mg/kg (D) melatonin treated rats. Note that in normal untreated rats, strong radioactive signals for 2-DG was expressed in the hippocampal regions 
(A). Following GHB intoxication, the signal intensity of hippocampal 2-DG was drastically decreased (B). However, in animals intoxicated by GHB and 
received different doses of melatonin, the hippocampal 2-DG signals was successfully returned to nearly normal levels in which the maximal recovery 
was detected in animals received 100 mg/kg of melatonin (D,E). Scale bar = 1200 μm. (A-D).
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Figure 8: Histograms showing the cognitive function [as demonstrated by spatial learning (A) and spatial memory (B) in the Morris water maze test] 
of normal untreated, γ-hydroxybutyric acid (GHB) intoxicated, and GHB intoxicated with 10 mg/kg and 100 mg/kg melatonin treated rats. Note that 
there was a significant impairment of cognitive function following GHB intoxication. However, following different doses of melatonin treatment, the 
cognitive function was effectively improved as revealed by reducing the average escape latency (A) and extending the percent time spent in the target 
quadrant (B).

However, in animals subjected to chronic and excessive doses of GHB, the hippocampal Ca2+ expression was drastically decreased 
in both terms of spectral intensity and ionic imaging (Figure 1B,E). The decrement of hippocampal Ca2+ corresponded well 
with diminished NMDA receptor expression (Figure 2B,E), lower level of nNOS activity (Figure 3), and reduced p-CREB 
immunoreactivity (Figure 4B,E), which all demonstrated the molecular profiles of depressed Ca2+-mediated signaling. Biochemical 
and auto-radiographic measurements correlated well with the molecular findings in which enhanced oxidative stress (Figure 
5), disrupted Na+/K+ ATPase activity (Figure 6B,F,I), and reduced 2-DG signaling (Figure 7B,E) were all clearly detected in the 
hippocampus of animals subjected to GHB. The impairment of Na+/K+ ATPase activity was clearly manifested by ionic imaging 
wherein unexpected high levels of Na+ were accumulated in the intracellular portion of hippocampal neurons instead of pumping 
outward (arrows in Figure 6B). Data collected from behavioral testing paralleled to these findings in which animals bearing with 
impaired hippocampal bio-energetics (Figure 5, 6 and 7) definitely showed poor performances in cognitive activity (Figure 8). 
Nevertheless, it is noteworthy that the cognitive deficits observed in behavioral testing did not result from potential motoric 
dysfunction induced by GHB, since GHB (at least in our dosage) did not affect the cued task performance in Morris water maze 
testing (i.e. no significant difference was detected in swimming speed between normal untreated rats and GHB-treated ones) 
(Table 1).

GHB with 
Melatonin 

(100mg/kg)

GHB with 
Melatonin 
(10 mg/kg)

GHBNormal 
Untreated

Molecular elements engaged in the induction of LTP

598 ± 76†427 ± 30*†246 ± 86*643 ± 54Ca2+ intensity (% above base line)

1.47 ± 0.05†1.12±0.17*†0.61±0.06*1.62 ± 0.12NMDAR1 Staining intensity

33.4 ± 3.06†27.5±1.25*†14.3±4.56*33.5 ±2.81nNOS activity (U/mg)

1.67 ± 0.09†1.31±0.13*†0.63±0.11*1.81± 0.05pCREB staining intensity 

Bio-energetics

96 ± 15.4†132± 6.77*†173± 5.54*100 ± 9.53Oxidative stress (nmol/g)

47 ± 6.28†36 ± 2.79*†17 ± 8.37*50 ± 5.81Na+/K+ ATPase activity (nmol Pi/mg/min.)

3.7 ± 0.59†2.5 ± 0.44*†1.3 ± 0.52*4.5 ± 0.212-DG radioactivity
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GHB with 
Melatonin 

(100mg/kg)

GHB with 
Melatonin 
(10 mg/kg)

GHBNormal 
Untreated

Cognitive expression

39.1 ± 4.1*†39.1 ± 4.1*†51.3 ± 5.0*27.7 ± 2.2Spatial learning (sec.)

25 ± 5.63*†25 ± 5.63*†13 ± 3.30*44 ± 1.69Spatial memory (% time)

26.47 ± 2.2426.47 ± 2.2427.06±2.1325.43±1.13Cued task (cm/min.)

GHB: γ-hydroxybutyric acid; LTP: long term potentiation; NMDAR1: N-methyl-D-aspartate receptor subunit 1; nNOS: neuronal nitric oxide synthase; pCREB: 
phosphorylated cAMP- responsive element binding protein; 2-DG: [14C]-2-deoxyglucose. *: P<0.05 as compared to normal untreated values; †: P<0.05 as 
compared to GHB values
Table 1: Numerical data summarizing the advanced effects of melatonin on protecting the hippocampal neurons and 
cognitive function from GHB-induced injury

On the contrary, in animals subjected to GHB and received different doses of melatonin, all the ionic, molecular, and biochemical 
parameters detected in hippocampal neurons were gradually returned to nearly normal levels. Ionic imaging revealed that 
following melatonin administration, hippocampal Ca2+ was increasingly expressed (Figure 1C,D) in which the maximal intensity 
was observed in animals given the dose of 100 mg/kg (Figure 1D). Similar findings were also observed in Ca2+-mediated signaling 
wherein hippocampal NMDA receptor (Figure 2C,D), nNOS activity (Figure 3), and p-CREB immuno-expression (Figure 
4C,D) were all significantly increased in animals given different doses of melatonin. Up-regulation of these molecular elements 
paralleled well with the improvement of hippocampal bio-energetics in which the maximal reduction of oxidative stress (Figure 5), 
enhancement of Na+/K+ ATPase activity (Figure 6C,D,G,H), and recovery of 2-DG intensity (Figure 7C,D) were clearly detected in 
animals received 100 mg/kg of melatonin. The beneficial effects of melatonin on preserving the cognitive function after GHB was 
further documented by behavioral testing in which the performance of spatial learning (Figure 8A) and spatial memory (Figure 
8B) was effectively be improved in animals treated with melatonin at either 10 or 100 mg/kg.

Discussion
The present study provides the first functional anatomical evidence that melatonin effectively increase hippocampal Ca2+ expression 
(Figure 1), enhance Ca2+-mediated molecular element activation (Figures 2, 3 and 4), decrease hippocampal oxidative stress (Figure 
5), improve neuronal bio-energetics (Figures 6, 7), and ultimately contribute to the recovery of cognitive function following GHB 
intoxication injury (Figure 8). The beneficial effect of melatonin was dose dependent, since the most obvious changes were detected 
in animals receiving higher dose of melatonin (Figures 1-8). It is well known that Ca2+ is an essential element participated in the 
induction of LTP [16]. Dys-homeostasis of Ca2+ would depress the efficacy of LTP that consequently leads to the impairment of 
cognitive function [38,39]. Although the detailed mechanism of GHB-induced cognitive dysfunction is not fully understood, our 
present study thus suggested that reduced hippocampal Ca2+ (Figure 1) may also contribute to cognitive dysfunction since this 
reduction is positively correlated with the poor performances in spatial learning (Figure 8A) and spatial memory (Figure 8B). 
This implication was further supported by our neurochemical findings in which depressed Ca2+-mediated signaling (Figures 2, 
3 and 4), enhanced oxidative stress (Figure 5), and impaired hippocampal bio-energetics (Figures 6 and 7) were all detected in 
animals intoxicated by large amounts of GHB. Considering melatonin could modulate Ca2+ signaling and regulate neuroplasticity 
in the hippocampus [40,41], exogenous use of melatonin may therefore serve as a promising strategy to counteract or improve 
the GHB-induced cognitive deficiency. This is just the case that in our current study, we have clearly demonstrated that melatonin 
effectively preserved the activity of hippocampal Ca2+-mediated molecular machinery (Figures 1, 2, 3 and 4) and successfully 
rescued the cognitive function (Figure 8) in animals subjected to GHB. The beneficial effects of melatonin may exert through 
receptor-dependent and/or receptor-independent pathway since both MT1 and MT2 receptors of melatonin has already been 
identified in the hippocampal neurons [42]. To the best of our knowledge, there is no report designed to systemically examine the 
neuro-protective effects of melatonin on improving the cognitive function following club drug intoxication. As the present study 
is the first one employing multidisciplinary approaches to display the neuro-protective effects of melatonin after GHB, delivering 
melatonin may be of great help to prevent or reduce the cognitive dysfunction induced by GHB addiction prevailing in our society 
now a days.

In addition to enhance the molecular signaling in hippocampal neurons (Figures 1, 2, 3 and 4), the positive effects of melatonin 
on depressing the oxidative stress (Figure 5) and improving the cellular bio-energetics (Figures 6 and 7) should not be overlooked. 
Enhanced oxidative stress could cause lipid peroxidation that inevitably disrupts the function of Na+/K+ ATPase, which has been 
reported to be positively correlated with the formation of learning and memory deficiency [43,44]. Our current report coincided well 
with previous studies in which we also demonstrated a reduced hippocampal Na+/K+ ATPase following GHB, which consequently 
disrupts the neuronal bio-energetics (Figures 6 and 7) and contributes to the development of cognitive deficiency (Figure 8). 
Although the pharmacological interaction between melatonin and GHB-induced neurotoxicity requires to be further investigated, 
these findings thus supports the experimental use of melatonin in improving the cognitive function since melatonin also bears 
powerful effects on reducing the oxidative stress (Figure 5) and preserving the bio-energetics (Figures 6 and 7) in hippocampus as 
well as in other brain regions [30,32,36].
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Another important issue to be addressed is the dose of melatonin administrated in the current study. Many studies have indicated 
that melatonin exerts a beneficial effect at endogenously produced levels [45]. However, despite that physiological levels of melatonin 
are capable of reducing neuronal injury, the neuro-protective effects of melatonin at this level are best viewed as a decrease in 
oxidative stresses that generally accompanies normal aging or age-related neuro-degenerative diseases [45]. In the case of drug 
intoxication wherein oxidative stress is much more intense, physiological levels of melatonin may be inadequate to counteract the 
massive production of reactive oxygen species and protect against the oxidative damage. It has been reported that melatonin can be 
tolerated in large doses by humans and animals without severe adverse effects [46]. With regard to this viewpoint, pharmacological 
or exceptionally high levels of melatonin should be introduced to combat excessive oxidative injury, and therefore, effectively 
preserve the cognitive activity. Nevertheless, caution must be exercised when discussing the biological functions of melatonin 
on cognitive expression, since the neuro-protective effects of melatonin may directly arise from this indole’s anxiolytic action 
that might significantly suppress the anxiogenic impact of GHB on cognitive activity [47]. Based on this suggestion, it is worthy 
to explore the potential influence of melatonin on anxiety-like behavior induced by GHB (e.g. by performing the open field or 
elevated plus maze test) as attempts to further clarify the neuro-protective mechanism(s) exerted by melatonin.

In summary, with the assistance of advanced spectrometric, ionic imaging, biochemical as well as behavioral approaches, the 
present study addressed for the first time that melatonin effectively preserves hippocampal bio-energetics and successfully rescues 
cognitive function in GHB intoxicated rats. Although the detailed mechanism(s) related to the benefits of melatonin in bio-
energetic regulation is still not fully understood, decreasing the oxidative stress, increasing hippocampal Ca2+-mediated signaling, 
and enhancing Na+/K+ ATPase activity may all contribute to the formation of such efficiency [28]. Considering melatonin is 
positive for maintaining normal cognitive function, therapeutic use of melatonin may serve as an attractive strategy for clinical use 
to prevent or reduce the social problems resulting from club drug addiction.
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