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Abstract
Second generation antipsychotics (SGA) are associated with adverse cardiometa-
bolic side effects contributing to premature mortality in patients. While mechanisms 
mediating these cardiometabolic side effects remain poorly understood, three inde-
pendent studies recently demonstrated that melatonin was protective against cardio-
metabolic risk in SGA- treated patients. As one of the main target areas of circulating 
melatonin in the brain is the suprachiasmatic nucleus (SCN), we hypothesized that 
the SCN is involved in SGA- induced early cardiovascular effects in Wistar rats. We 
evaluated the acute effects of olanzapine and melatonin in the biological clock, para-
ventricular nucleus and autonomic nervous system using immunohistochemistry, 
invasive cardiovascular measurements, and Western blot. Olanzapine induced c- Fos 
immunoreactivity in the SCN followed by the paraventricular nucleus and dorsal 
motor nucleus of the vagus indicating a potent induction of parasympathetic tone. 
The involvement of a SCN- parasympathetic neuronal pathway after olanzapine ad-
ministration was further documented using cholera toxin- B retrograde tracing and 
vasoactive intestinal peptide immunohistochemistry. Olanzapine- induced decrease 
in blood pressure and heart rate confirmed this. Melatonin abolished olanzapine- 
induced SCN c- Fos immunoreactivity, including the parasympathetic pathway and 
cardiovascular effects while brain areas associated with olanzapine beneficial effects 
including the striatum, ventral tegmental area, and nucleus accumbens remained ac-
tivated. In the SCN, olanzapine phosphorylated the GSK- 3β, a regulator of clock 
activity, which melatonin prevented. Bilateral lesions of the SCN prevented the ef-
fects of olanzapine on parasympathetic activity. Collectively, results demonstrate the 
SCN as a key region mediating the early effects of olanzapine on cardiovascular 
function and show melatonin has opposing and potentially protective effects war-
ranting additional investigation.
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1 |  INTRODUCTION

Second generation antipsychotics (SGA) induce severe ad-
verse cardiometabolic effects that affect millions of patients 
and families by decreasing drug adherence or dramatically 
increasing their health burden with metabolic comorbid-
ity1. Olanzapine is a SGA effectively used to treat patients 
with mental disorders, but unfortunately induces adverse 
cardiometabolic effects including weight gain, fat mass, glu-
cose, insulin, and lipid increases2–4. Interestingly, in rats and 
humans, acute SGA treatment may induce hypotension5–7, 
while long- term SGA treatment is associated with increased 
blood pressure8. In consequence, they have become an enor-
mous health problem in a population in which the risk of 
metabolic abnormalities is two to threetimes greater than that 
of the general population4. These patients also suffer a pre-
mature death 11 to 20 years earlier, largely due to cardiovas-
cular disease9,10. The SGA- induced cardiometabolic effects 
are also present in acute administration studies in healthy 
individuals, indicating that metabolism changes are indepen-
dent of caloric intake and disease related factors3,11. Even 
though intense research efforts during the past decade have 
focused on providing a plausible mechanism for their gene-
sis and prevention, an integral explanation is lacking and the 
therapeutic options to prevent them are limited and urgently 
needed.

Metabolism is influenced through central hypothalamic 
mechanisms that involve the biological clock located in the 
suprachiasmatic nucleus (SCN) and the autonomic nervous 
system (ANS)12–14. Disturbances of these mechanisms have 
been associated with metabolic problems such as the met-
abolic syndrome14,15, which resembles SGA- induced car-
diometabolic effects.

In a recent study, the pineal hormone melatonin, which sig-
nals darkness to the SCN depressing its activity16, attenuated 
olanzapine- induced weight gain in rats17. Hereafter in random-
ized controlled trial (RCT), we demonstrated that melatonin 
attenuates SGA- induced cardiometabolic effects in patients, 
particularly those with bipolar disorder without affecting the 
psychopathological outcome18. In two other RCT, melatonin 
mitigated olanzapine- induced cardiometabolic effects in pa-
tients diagnosed with schizophrenia19 and bipolar disorder20.

The SCN is strongly involved in metabolic and cardio-
vascular control12. As one of the main targets of circulating 
melatonin in the brain is the SCN16,21, these basic and clin-
ical results could suggest the involvement of central mech-
anisms in SGA- induced cardiometabolic effects. Therefore, 
we examined in a rat model the early effects of olanzapine 
on hypothalamic nuclei relevant for metabolic regulation and 
uncovered a hitherto unknown action of olanzapine on the bi-
ological clock resulting in a decrease in blood pressure; which 
was prevented by melatonin. These findings identify a novel 
SCN- centered mechanism for olanzapine cardiometabolic 

adverse effects and their prevention by melatonin without 
tampering the therapeutic effects.

2 |  METHODS AND MATERIALS
2.1 | Ethical statement for animal 
experimentation
All experiments were carried out with the approval of the 
research ethics committee of the Institute of Biomedical 
Research at the Universidad Nacional Autonóma de México 
(UNAM) and were conducted in strict accordance with cur-
rent legislation and technical specifications for production, 
care and use of laboratory animals (Norma Oficial Mexicana 
NOM-  062 - ZOO-  1999).

2.2 | Immunohistochemistry for c- Fos
Male Wistar rats (200–250 g) were used to evaluate the effect 
in the brain and autonomic nervous system of acute admin-
istration of olanzapine (Zyprexa ® powder for solution, Lilly 
USA, LLC, Indianapolis, USA) and melatonin (Sigma- Aldrich 
product No. M5250, Saint Louis, MO 63103, USA). Animals 
were in light–dark cycles of 12 hour: 12 hour (Lights on at 
07:00 hour, lights off at 19:00 hour) with ad libitum food and 
water. Rats received a single subcutaneous dose of olanzapine 
(2.5 mg/kg), olanzapine (2.5 mg/kg) + melatonin (2.5 mg), 
melatonin (2.5 mg), or saline (NaCl 0.9%) at ZT11 (one hour 
before dark onset) and were sacrificed at ZT14. Olanzapine 
and melatonin doses fall within the range used for previously 
published studies in rats22–24. Olanzapine and melatonin were 
dissolved in a 20% ethanol and saline solution (final volume 
of administration: 0.5 mL). Saline and olanzapine only groups 
received the same amount of ethanol. (Fig. S1).

Animals were sacrificed 3 hours after drug administration 
(ZT14). To obtain the brains, animals were anesthetized with 
an overdose of intraperitoneal (ip) pentobarbital (210 mg/kg) 
and perfused with an intracardiac infusion of 250 ml saline 
solution (0.9% NaCl), followed by 200 ml 4% paraformal-
dehyde prepared in 0.1M phosphate buffer, pH 7.2. Brains 
and spinal cords were removed and placed in 4% parafor-
maldehyde for 24 hours and subsequently cryo- preserved in 
30% sucrose for 72 hour. The brains were frozen and cut in 
40 μm coronal plane slices and maintained in culture dishes 
with a 0.1M phosphate buffer, pH 7.2. The primary antibody 
for c- Fos (1:40,000; Calbiochem, #PC38, San Diego, CA, 
USA) used as a marker of neural activity and was incubated 
for 1 hour. at room temperature and 48 hours at 4°C. After 
extensive washing, donkey anti- rabbit biotinylated second-
ary antibody (1:200, Jackson Immunoresearch, West Grove, 
PA, USA) was applied and incubated for 2 hour. The avi-
din–peroxidase complex (ABC 9:1000; Vectastain, Vector 
Laboratories, Burlingame, CA, USA) was applied, and 
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finally, the reaction was visualized with diaminobenzidine in 
PBS (50 mg/100 mL, pH 7.2) combined with 0.003% perox-
ide and 0.01% nickel. The sections were mounted on gelati-
nized slides and cover slipped with Entellan® (EMD Millipore 
Corp., Billerica, MA, USA). Coronal sections of each side, in 
each nucleus or region studied, were selected using the fol-
lowing distance from bregma coordinates: SCN (−0.60 mm); 
paraventricular nucleus (PVN; −1.72 mm); dorsal motor nu-
cleus of the vagus (DMV; −14.40 mm); intermediolateral 
column (IML; T3); striatum (0.96 mm); ventral tegmental 
area (−5.04 mm); and nucleus accumbens (0.96 mm).25.

2.3 | Neuronal tracer injection
To confirm that olanzapine’s effects involve the activation of 
a SCN- PVN- DMV neuronal pathway, the retrograde tracer 
cholera toxin- B (CtB) was injected into the DMV to analyze 
co- localization with c- Fos in the PVN pre- autonomic neu-
rons after olanzapine administration and the presence of VIP 
projections from the SCN to them.

After anesthesia, the rats were placed in a David Kopf ste-
reotaxic frame with the head fixed at 45°. Dissection of the 
dura and arachnoid to expose the dorsal surface of the bone at 
the level of the area postrema was performed. The head of the 
rat was placed so that the micropipette was aligned perpendicu-
larly to the medulla oblongata. CtB (50 μl, 0.5%) was injected, 
by means of a glass micropipette with a 0.02 μl tip, unilater-
ally into the dorsal vagal complex by pressure (10 mbar, for 
5 seconds). Following 10 days of recovery, animals received 
the acute subcutaneous administration of olanzapine and were 
sacrificed following the aforestated procedure. Injection accu-
racy was confirmed by CtB immunostaining. (Fig. S2).

Immunohistochemistry in PVN coronal sections was per-
formed with c- Fos as described above. Immunohistochemistry 
for vasoactive intestinal peptide (VIP) to observe SCN projec-
tions to the PVN pre- autonomic neurons was then performed 
sequentially incubating the primary antibody for (rabbit- 
VIP) in a 1:2000 dilution for 1 hour at room temperature and 
24 hours at 4°C. Secondary antibody, AB, and visualization 
with DAB procedures were followed as previously described. 
On the same PVN sections, CtB immunohistochemistry was 
performed using polyclonal rabbit anti- CtB immunoglob-
ulin (1:1000, Sigma- Aldrich; No. C3062) to visualize PVN 
neurons retrogradely filled from DMV CtB injections. After 
incubating 24 hrs at 4°C, secondary antibody, AB, and visu-
alization with DAB procedures were followed as described 
above without nickel to obtain a brown- reddish stain.

2.4 | Hemodynamic Measurements
Blood pressure and heart rate were measured to evaluate the 
functional relevance of the effect of olanzapine and mela-
tonin on the parasympathetic nervous system. To evaluate the 

involvement of the SCN over the cardiovascular effects of 
olanzapine, we included a group of bilaterally SCN lesioned 
(SCNxx) animals and measured the immediate effects of 
olanzapine on blood pressure and heart rate.

Blood pressure and heart rate measurements were made 
through a femoral artery catheter. Cannulation of the femo-
ral artery was performed as described elsewhere26. In brief, 
rats were anesthetized with ip. urethane (1.5 g/kg) diluted 
in 2 mL of saline solution (0.9% NaCl). Rats were placed in 
supine position, and fur around the inguinal surgical region 
was shaved. A small (1- 2 cm) incision along the natural angle 
of the leg was placed and femoral vein and artery exposed 
through blunt dissection. The femoral artery was separated 
from the vein, nerve, and surrounding tissue and retractors 
placed to fully view the artery and vein. Folded sterile 4.0 silk 
was placed under the femoral artery and cut to obtain prox-
imal and distal silk pieces. The distal silk piece was pulled 
caudally and the proximal piece cranially to allow hemostatic 
control of the artery. A small incision was made on the artery 
section between the silk pieces; fine tip forceps were inserted 
into the incision and used to allow the insertion of the cath-
eter. The catheter was pushed into the artery and proximally 
fixed. The functionality of the catheter was checked and two 
hours after surgery, connected to a blood pressure transducer.

2.5 | Bilateral lesion of the suprachiasmatic  
nucleus
The SCN lesion technique has been previously described27. 
In short, animals were anesthetized with IP. ketamine/xyla-
zine (90 mg and 10 mg/kg) and placed on a stereotaxic sur-
gery frame (Model 900, David Kopf). Coordinates used to 
lesion the SCN were 2.2 mm posterior to bregma, 0.9 mm 
ventral, and 0.2 mm lateral. Lesions were performed using 
epoxy- insulated insect pins (0.20 mm) with excoriated tip. 
Direct electrical current for 30 seconds was applied bilater-
ally. Rats recovered from surgery for 2 weeks with success-
ful lesions confirmed by actigraphic registration and SCN 
VIP immunostaining as described above. (Fig. S3).

2.6 | Hemodynamic registration
Blood pressure and heart rate measurements were recorded 
from the artery catheter by a pressure transducer (P23 
XL, Grass Instrument, Quincy, MA, USA) connected to a 
MP150 Research System, and the data were analyzed using 
AcqKnowledge software (Biopac Systems Inc., Goleta, CA, 
USA). For the purpose of this experiment, baseline tracings, 
as well as saline, olanzapine and melatonin were sequentially 
administered ip. at the previously described doses to ensure 
quantifiable responses of hemodynamic parameters. Data 
were obtained from three experimental groups of animals, 
with minutes indicating the time data were recorded after 
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drug administration (IP.). Group 1 (olanzapine): Baseline 
values were obtained (10 minute) followed by 0.5 ml saline 
(10 minute) and a single olanzapine (0.5 mg/kg) injection 
(60 minute). Group 2 (melatonin + olanzapine): Ensuing 
baseline recording (10 minute), a 0.5- ml saline injection 
(10 minute) was followed by a single melatonin (2.5 mg) 
IP. injection (10 minute) and successively olanzapine ip. 
was given (60 minute). Group 3 (SCNxx animals + olanzap-
ine): Baseline tracing (10 minute) preceded 0.5 ml saline I.P. 
(10 minute), followed by a single olanzapine I.P. injection 
(60 minute).

2.7 | Western blot
For nocturnal (ZT11) drug administration for saline, olan-
zapine, olanzapine+melatonin, and melatonin, the protocol 
was followed as described above (n = 5 animals/experimen-
tal group). Animals were sacrificed at ZT14 by decapitation. 
The suprachiasmatic nucleus was immediately obtained, 
preserved in RIPA buffer with protease and phosphatase 
inhibitors, and frozen at −72°C. Tissue was homogenized, 
and total protein concentration was determined by Lowry’s 
assay28. Equal amounts of protein were loaded into poly-
acrylamide gels and phosphorylated, as well as total GSK- 3β 
was evaluated by Western blot. Glyceraldehyde- 3- phosphate 
dehydrogenase GAPDH was also immunodetected as load 
control. In short, proteins were separated by one- dimensional 
SDS- PAGE in 10% polyacrylamide gels29 and transferred 
according to Towbin’s procedure30. Phosphorylated GSK- 3β 
(Ser9) was identified with an anti- phospho- GSK- 3β an-
tibody (1:1300, Cell Signaling Technology Inc., #9336, 
Danvers, MA, USA) and a peroxidase- conjugated donkey 
anti- rabbit IgG (Jackson Immunoresearch, #711- 005- 152) 
diluted 1:10,000. Detection was performed by chemilumi-
niscence31. After mild stripping, total GSK- 3β and GAPDH 
were identified using antibodies for GSK- 3β (1:1400, Santa 
Cruz Biotech, #SC- 9166, Dallas, Tx, USA) and GAPDH 
(1:20,000, EMD Millipore Corp., MAB374, Billerica, MA, 
USA). Respective peroxidase- conjugated secondary an-
tibodies were donkey anti- rabbit IgG (1:20,000, Jackson 
Immunoresearch, #711- 005- 152) and goat anti- mouse IgG 
(1:100,000, Jackson Immunoresearch, # 205- 005- 108). 
Samples from five independent experiments were obtained, 
and Western blots were assayed by triplicate.

Fluorogram images were obtained with a densitom-
eter (GS- 800, Bio- Rad, Hercules, CA, USA), and semi- 
quantitative amounts of phosphorylated GSK- 3B, total 
GSK- 3β, and GAPDH were estimated by densitometry with 
ImageJ software (Version 1.38X, NIH, Bethesda, MD, USA). 
Each fluorogram was analyzed in 8- bit type.jpg picture for-
mats. The plot lane tool in ImageJ was used to obtain inte-
grated optical density (OD) values from immunoreactive 
bands for each experimental group.

2.8 | Statistical Analysis
The number of c- Fos immunoreactive nuclei was calculated 
by semi- automatic quantification of the region of interest with 
ImageJ software (Version 1.38X, NIH, Bethesda, MD, USA) 
using at least two microphotographs (jpg format) of coronal 
sections of each side, in each nucleus or region studied. For 
between- group comparisons (n = 4 per group), we considered 
the average c- Fos immunoreactivity (IR) count for each region 
and analysis was conducted using ANOVA with Bonferroni′s 
post hoc test for pair- wise comparisons accordingly.

Blood pressure and heart rate analysis were performed using 
a data acquisition device with AcqKnowledge software (model 
MP100, Biopac Systems, Goleta, CA, USA) and saved to a 
personal computer for offline analysis with the use of a Biopac 
System ECG 100C preamplifier. Ten- minute tracings of mean 
blood pressure values for baseline, saline, olanzapine, or mela-
tonin injections were obtained. Changes in mean baseline val-
ues for systolic, diastolic, and mean arterial blood pressure were 
calculated for each tracing segment of ten minutes in each ex-
perimental group. Heart rate analysis was performed using max-
imum values in five 2-  minute segments for each ten- minute 
tracing to clear noise from registrations; with the mean for each 
ten- minute tracing calculated using these values. Mean changes 
in heart rate, compared to baseline values, were then calculated 
for saline, olanzapine and/or melatonin injections. Repeated- 
measures ANOVA Bonferroni′s post hoc test was used for pair- 
wise comparisons at each time point (10-  minute segments).

For Western blot analysis, densitometric analysis of the 
bands expressed as the optical density in A.U. of total GSK- 3β 
pGSK- 3β, GAPDH, and the ratio of pGSK- 3β to total pGSK- 3β 
(pGSK- 3β/Total pGSK- 3β ratio) were used for between- group 
comparisons using one- way ANOVA. All statistical tests were 
two- tailed and considered significant at P level <.05.

3 |  RESULTS
3.1 | The suprachiasmatic nucleus is 
activated by olanzapine
With previous indirect indications that olanzapine may affect 
the biological clock32 and the glycogen synthase kinase- 3β 
(GSK- 3β), which is a regulator of the clock’s activity33, we 
examined the effect of a single subcutaneous dose of olan-
zapine on brain activation. Olanzapine was administered to 
male Wistar rats (200- 250grs) at the beginning of the active 
phase (night) and the brain obtained 3 hrs later, whereby c- 
Fos detection was used as a marker of neuronal activity. The 
acute peripheral administration of olanzapine induced in the 
SCN a fourfold increase in the number of c- Fos IR nuclei as 
compared to saline. The co- administration of olanzapine with 
melatonin, a hormone able to synchronize the clock by inhib-
iting its activity16, prevented this effect (Figure 1).
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3.2 | Olanzapine activates the parasympathetic  
autonomic axis which is prevented by melatonin
The acute administration of olanzapine also induced a sig-
nificantly increased activation in the PVN and DMV, both 
output pathways from the SCN to the autonomic nervous 
system (ANS). Similar to the SCN, the co- administration of 
olanzapine with melatonin prevented this effect (Figure 2). 
In the spinal cord, olanzapine did not induce an activa-
tion of sympathetic motor neurons in the IML (Figure 2). 
These results indicate that olanzapine selectively increases 
the activity of the parasympathetic and not the sympathetic 
branch of the ANS. As the SCN directly signals to the PVN 
modulating its autonomic output34 and melatonin recep-
tors are densely present in the SCN and not in the PVN 
or DMV21,35, these results suggest that olanzapine activates 
directly the SCN, which consequentially activates the PVN 
and DMV.

3.3 | Melatonin does not impair 
olanzapine- induced activation in the ventral 
striatum pathway
As expected, the administration of olanzapine also induced an 
activation of the nucleus accumbens, striatum, and ventral teg-
mental area (VTA), brain areas associated with its therapeutic 
effect, that do not receive direct input from the SCN36,37. In 
contrast with our observation in the SCN, the co- administration 
of melatonin and olanzapine did not alter the activation pattern 
in the striatum and VTA as observed with olanzapine alone. 
Moreover, in the nucleus accumbens, the co- administration of 
melatonin with olanzapine induced a significant increase in c- 
Fos activation as compared to the administration of olanzapine 
alone. These results confirm olanzapine- induced activation of 
brain regions involved in its therapeutic action and etiology of 
psychiatric disorders for which it is prescribed36,37. Melatonin 
does not counteract this therapeutic action, and, as seen in the 

F I G U R E  1  Olanzapine induces neuronal activation in the suprachiasmatic nucleus (SCN) and paraventricular nucleus (PVN) that melatonin 
prevents. Panel with representative microphotographs of the SCN (top row) and PVN (bottom row) with c - Fos immunoreactivity as a marker for 
neuronal activity. The left column shows rats treated with saline, followed by a column of olanzapine (Olz), olanzapine + melatonin (Olz+Mel) 
and melatonin (Mel) treated rats. Bars represent the mean ± SEM of c- Fos IR nuclei count in the SCN and the PVN. N=4 animals/group. One- way 
ANOVA analysis showed a significant between- group differences for SCN (F = 21.27, df = 3, P < .0001) and PVN (F=16.80, df = 3, P < .0001); 
*** P < .0001, Bonferroni′s posthoc test for pair- wise comparisons Scale bar is 100 μm



6 of 11 |   ROR- NAN  etNal

nucleus accumbens, it may even potentiate its action (Figure 3). 
This concurs with clinical observations that co- administration 
of melatonin with an SGA does not impair its beneficial effects 
and may even enhance them18–20.

Furthermore, olanzapine induced an activation of the 
nucleus of the tractus solitarius (NTS), which also receives 
input from sensory pathways indicating that olanzapine also 
exerts effects on peripheral organs. Melatonin did not prevent 
this activation (Figure 2 and Fig. S4), supporting a central, 
rather than peripheral effect of melatonin to prevent the ac-
tion of olanzapine over the SCN, PVN, and DMV.

3.4 | Olanzapine activates the parasympathetic 
pathway via the suprachiasmatic nucleus
The pattern of c- Fos activation in the PVN suggested that 
mainly autonomic neurons might be activated. In view of 

the activation of the NTS and DMV, we decided to place 
a retrograde tracer into the dorsal vagal complex and con-
firm activation of the retrogradely labeled neurons. CtB 
labeled neurons in the PVN showed a high coincidence 
with c- Fos when olanzapine was given and this response 
was higher in the autonomic and parvocellular PVN as 
compared to the magnocellular nuclei (Fig. S2 and Table 
S1). Some of these activated CtB labeled neurons showed 
input from SCN neurons as visualized by vasoactive in-
testinal peptide (VIP) immunohistochemical staining con-
firming a SCN- PVN- DMV neural pathway, activated by 
olanzapine.

Parasympathetic activity plays a key role in blood 
pressure regulation, adiposity and metabolic activity38.
Acutely, olanzapine induces a potent increase of parasym-
pathetic tone translated into a decrease in blood pressure 
and heart rate in rats7 and postural hypotension in humans5. 

F I G U R E  2  Olanzapine induces activation of the dorsal motor nucleus of the vagus (DMV) which is prevented by co- administration of 
melatonin. Representative microphotographs of the DMV (top) and intermediolateral column (IML; bottom row) with c- Fos immunoreactivity 
(IR). The left column demonstrates rats treated with saline, followed by a column of olanzapine, olanzapine + melatonin and melatonin only treated 
rats; N=4 animals/group. Bars represent the mean ± SEM count of c- Fos IR nuclei in the DMV and the IML. One- way ANOVA analysis showed a 
significant between- group difference for DMV c- Fos (F = 9.028, df = 3, P < .0001). ** P < .001 and *** P < .0001; Bonferroni′s post-  hoc test for 
pair- wise comparisons. Nucleus of the tractus solitarius (NTS). Scale bar is 100 μm
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Parasympathetic hyperactivation may contribute to the 
development of metabolic syndrome, obesity39 or other 
SGA- induced adverse metabolic effects. Our anatomical 
analysis shows that olanzapine activates the parasympa-
thetic branch of the ANS, with melatonin vastly mitigat-
ing this effect. To evaluate the functional significance of 
this finding, we measured the acute effects of olanzapine 
and melatonin on blood pressure and heart rate; two vari-
ables influenced by autonomic function and modified by 
olanzapine5,7. In agreement with the observed increase in 
activity of DMV neurons, olanzapine also induced a sig-
nificant decrease in systolic, diastolic and mean arterial 

blood pressure (MAP), as well as in heart rate. The admin-
istration of melatonin ten minutes before the injection of 
olanzapine significantly attenuated its effect on systolic, 
diastolic, MAP and heart rate (Figure 4). Thus, olanzap-
ine induces activation of the parasympathetic autonomic 
branch, decreasing blood pressure and heart rate; this is 
largely avoidable by giving melatonin. Next, and consid-
ering the high concentration of melatonin receptors in the 
SCN, and not in PVN or DMV40, we hypothesized that 
the cardiovascular side effects of olanzapine, readily pre-
vented by melatonin, were due to the effect of olanzapine 
on the SCN. To evaluate the involvement of the SCN in the 

F I G U R E  3  Olanzapine induced activation of brain regions associated with its therapeutic effect, not prevented by melatonin. Representative 
microphotographs of c- Fos immunoreactivity (IR) in the striatum (top), ventral tegmental area (VTA; middle row) and nucleus accumbens (N. Acc; 
bottom). The left column represents rats treated with saline, followed by a column of rats treated with olanzapine (Olz), olanzapine + melatonin 
(Olz+Mel) and melatonin only (Mel). N=4 animals/group. Bars represent mean ± SEM count for c- Fos IR nuclei in the striatum, VTA and N. acc. 
Anterior commissure (AC). One- way ANOVA analysis showed significant between- group differences for striatum (F=13.79, df = 3, P < .0001), 
VTA (F = 15.78, df = 3, P < .0001), and N.Acc.(F = 25.19, df = 3, P < .0001. * P < .01; ** P < .001; *** P < .0001; Bonferroni′s post hoc test 
pair- wise comparisons. Scale bar is 100 μm
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hemodynamic effects of olanzapine, we performed bilat-
eral SCN lesions (SCNxx) and after two weeks of recov-
ery, we tested the effects of olanzapine on blood pressure 
and heart rate. Administration of olanzapine to SCNxx an-
imals resulted in decreased effect on heart rate and blood 
pressure, similar to that observed in intact animals treated 
with olanzapine + melatonin (Figure 4). This observation 
confirms that olanzapine acts on the SCN to induce cardio-
vascular adverse effects and that these effects, associated 
with elevated comorbidity and mortality in SGA- treated 
patients, can be prevented by inhibiting the SCN activity 
with melatonin administration17–20.

3.5 | Olanzapine induces GSK- 3β 
phosphorylation in the suprachiasmatic 
nucleus which is prevented by melatonin
Consequently we investigated the intracellular mechanisms 
involved in the effects of olanzapine and melatonin in the 
SCN. Olanzapine has a wide spectrum of action and our re-
sults suggest that it could induce SCN neuronal activity via 
intracellular signaling cascades that converge with those of 
melatonin. Olanzapine induces phosphorylation of glycogen 
synthase kinase 3β (GSK- 3β) and cAMP response element 
binding (CREB) protein via the Akt, Wnt, and PKC pathways, 

which are linked to its antipsychotic therapeutic and metabolic 
effects41–44. Notably GSK- 3β is involved in SCN function, 
neurogenesis, neurotransmission and metabolic processes45. 
Inhibition (phosphorylation) of GSK- 3β triggers the activation 
(phosphorylation) of the cAMP response element binding pro-
tein (CREB), which in turn stimulates c- Fos transcription46,47. 
Interestingly, the phosphorylation of GSK- 3β shows a circa-
dian pattern, which is lowest at night45. In agreement with its 
action on the SCN whereby it reduces neuronal activity, me-
latonin decreases phosphorylation of GSK- 3β via Akt148,49. 
Therefore, we evaluated the effects of olanzapine and mela-
tonin on phosphorylated GSK- 3β levels in the SCN. Indeed, 
olanzapine induced an increase in phosphorylated GSK- 3β as 
compared to the control group and co- administration of me-
latonin reduced this effect. These findings provide a possible 
mechanism by which melatonin prevents the activation of 
SCN neurons by olanzapine. (Figure 5).

4 |  DISCUSSION

Our animal experiments show that 1) olanzapine activates 
neurons in the SCN, PVN, and DMV; 2) melatonin prevents 
these effects; 3) pre- autonomic neurons in the PVN activated 
by olanzapine, project to the DMV and receive input from 

F I G U R E  4  Blood pressure and heart rate measurements. Olanzapine induced a decrease in systolic (SBP), diastolic (DBP) and mean 
arterial (MAP) blood pressure that was prevented by melatonin or a bilateral SCN lesion. Olanzapine also induced a decrease in heart rate (HR) 
that was counteracted by SCNxx and melatonin. Olanzapine (Olz); Melatonin/Olz (Mel/Olz); SCN lesioned animals injected with olanzapine 
(SCNxx). Hemodynamic parameters are reported in mean change from baseline. N=5 animals/group. Repeated measures ANOVA showed 
significant treatment group x time interaction for Systolic (F = 3.216, df = 16, P < .0002), Diastolic (F = 9.561, df = 16, P < .0001), MAP analysis 
(F = 9.164, df = 16, P < .0001) and Heart rate (F = 2.089, df = 16, P = .014). Bonferroni′s post hoc test for pair- wise comparison; * P < .01 Olz 
vs. Mel/Olz; ** P < .01 Olz vs. SCNxx Olz; *** P < .01 Mel/Olz vs. SCNxx Olz



   | 9 of 11ROR- NAN  etNal

the SCN; 4) olanzapine induces a decrease in blood pressure, 
prevented by melatonin; 5) the SCN is imperative to the car-
diovascular side effects of olanzapine; 6) olanzapine induces 
inhibition of GSK- 3β in the SCN that is reduced by mela-
tonin, providing a possible intracellular mechanism for the 
cardiovascular effects of olanzapine and melatonin.

The biological clock selectively coordinates ANS balance 
to influence metabolism in different parts of the body, so al-
teration of this output may over time precipitate problems in 
metabolism such as the metabolic syndrome15. Acute para-
sympathetic activation induces adiposity and an increase in 
plasmatic adiponectin39. Such effects are also observed with 
short- term treatment with olanzapine50. With time, the in-
creased parasympathetic activity induced by olanzapine favors 
the appearance of cardiometabolic adverse effects like obesity, 
as well as lipid, insulin and glucose disturbances1,4,51 similar 
to those observed in the metabolic syndrome; whereby in the 
long term, a compensatory increased sympathetic cardiovas-
cular tone is reported1,15. These dynamic adjustments in au-
tonomic activity may explain the increased sympathetic tone, 
increased blood pressure and decreased levels of adiponectin 
found after chronic use of SGAs such as olanzapine8,52. This 
might be a compensatory sympathetic effort of the ANS to 
counterbalance the chronic parasympathetic stimulus followed 
by the progressive appearance of metabolic disturbances in-
duced by olanzapine. The immediate effect of melatonin, as 
we have demonstrated, prevents the increased parasympathetic 
output induced by olanzapine. Hereby melatonin may prevent 

short-  and long- term17–20 hypothalamic and ANS disturbances 
induced by olanzapine, attenuating its adverse cardiometabolic 
effects. Antipsychotics act on diverse neurotransmitters in the 
brain53, but are not known to act directly on melatonin recep-
tors. Therefore, it is likely that melatonin prevents antipsychotic 
induced activation of the biological clock through shared in-
tracellular mechanisms as the GSK- 3B in the Akt- 1 signaling 
pathway41–49. Based on this evidence, we propose a new model 
with a SCN- centered mechanism that could help explain SGA- 
induced cardiometabolic effects and the beneficial role of mel-
atonin to prevent them. (Fig. S5) This study provides a new 
framework for the neuronal mechanisms involved in the car-
diovascular and possibly other metabolic side effects of SGA 
and supports the rationale for the use of melatonin in a clinical 
setting to prevent them. Circulating melatonin may influence 
metabolic regulation through the SCN and could additionally 
have a direct peripheral action54,55. The SCN has already been 
shown to be linked with obesity and the metabolic syndrome, 
as well as hypertension. Our model could help to explain the 
role of the SCN and autonomic nervous system in early and 
chronic metabolic changes present in entities like obesity and 
the metabolic syndrome.

Collectively, present results and previous clinical data 
warrant additional basic and clinical investigation to demon-
strate the SCN as a key region mediating the effects of an-
tipsychotics on other acute and chronic metabolic changes, 
and show whether melatonin has opposing and potentially 
protective long- term effects.

F I G U R E  5  Olanzapine induces the phosphorylation of GSK- 3β in the SCN and this is prevented by melatonin. Representative Western 
blots of phosphorylated GSK- 3β (pGSK- 3β) and total GSK- 3β in homogenates of the SCN. Glyceraldheyde- 3- phosphate dehydrogenase (GAPDH) 
was immunodetected as load control. (A) Neither total GSK- 3β nor GAPDH levels were different between experimental groups (B and C). 
Densitometric analysis of the bands expressed as the ratio of the integrated optical density (IOD) of pGSK-  3β and total pGSK- 3β (pGSK- 3β/
Total pGSK- 3β ratio) was performed for between group comparisons. Olanzapine increased pGSK- 3β/total pGSK- 3β ratio, which was reduced by 
melatonin (D). N = 5 animals/group. For: One- way ANOVA analysis showed a significant between-  group difference in pGSK- 3β/Total pGSK- 3β 
ratio (F = 15.19, df = 3, P <.0001). * P < .01; *** P < .0001; Bonferroni′s post hoc test pairwise comparisons
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