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Introduction

Melanin-concentrating hormone (MCH) and hypocretins 1
and 2 (Hcrt, also known as orexins) are neuropeptides pro-
duced by two groups of neurons primarily located in the
posterolateral hypothalamic area. These neurons send diffuse
projections throughout the central nervous system.1–6

TheMCH exerts its effects through two types of G-protein
coupled receptors, Mchr1 andMchr2. Notably, Mchr2 is non-
functional in rodents.2,7 On the other hand, Sakurai et al.8

(1998) identified two hypocretin receptors: Hcrtr1 and

Hcrtr2. Both hypocretin and MCH receptors are distributed
in approximately the same brain areas in rats, including the
frontal cortex and the hippocampus.9,10

The MCHergic and hypocretinergic neuronal groups re-
ciprocally regulate sleep and wakefulness;11–14 the MCH
tends to promote sleep, while hypocretins arewake-promot-
ing neuromodulators.15 Electrophysiological studies16 have
revealed that MCHergic neurons are more active during
sleep, particularly in paradoxical sleep (PS), whereas hypo-
cretinergic neurons exhibit higher activity levels during
wakefulness. However, recent advances in functional
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Abstract Melanin-concentrating hormone (MCH) and hypocretins (Hcrt) 1 and 2 are neuropeptides
synthesized in the lateral hypothalamic area by neurons that are critical in the regulation of
sleep and wakefulness. Their receptors are located in the same cerebral regions, including
the frontal cortex and hippocampus. The present study aimed to assess whether 96hours
of paradoxical sleep deprivation alters the functioning of theMCHand hypocretin systems.
To do this, in control rats with normal sleep (CTL) and in rats that were deprived of
paradoxical sleep (SD), we quantified the following parameters: 1) levels of MCH and
hypocretin-1 in the cerebrospinal fluid (CSF); 2) expression of the prepro-MCH (Pmch) and
prepro-hypocretin (Hcrt) genes in the hypothalamus; 3) expression of the Mchr1 and Hcrtr1
genes in the frontal cortex and hippocampus; and 4) expression of the Hcrtr2 gene in the
hippocampus. These measures were performed at 6 Zeitgeber time (ZT) points of the day
(ZTs: 0, 4, 8, 12, 16, and20). In the SDgroup,we foundhigher levels ofMCH in theCSFat the
beginning of the dark phase. In the frontal cortex, sleep deprivation decreased
the expression of Hcrtr1 at ZT0. Moreover, we identified significant differences between
the light and dark phases in the expression ofMchr1 andHcrtr1, but only in the CTL animals.
We conclude that there is a day/night modulation in the expression of components of the
MCH and hypocretin systems, and this profile is affected by paradoxical sleep deprivation.
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imaging techniques using genetically-modified mice have
revealed the presence of minor groups of active MCHergic
neurons during wakefulness and hypocretinergic neurons
during PS.17–19

Sleep deprivation is awidely recognized health issue,with
a prevalence of excessive daytime sleepiness ranging from9%
to 24%. Long-term sleep deprivation can lead to the develop-
ment of physiological and neurobehavioral problems, re-
duced quality of life, and increased mortality rates.20

Furthermore, Naiman21 (2017) highlighted that specific PS
or dream loss constitutes “an unrecognized public health
hazard that silently wreaks havoc on our lives, contributing
to illness, depression, and a decline in consciousness”.

In the present study, we focused on the effect of sleep
deprivation, mainly PS deprivation, on the functioning of the
MCHergic and hypocretinergic systems. Given the roles of
MCH and hypocretin in regulating behavioral states, we
hypothesized that PS deprivation could lead to changes in
their levels in the cerebrospinal fluid (CSF) and alterations in
the gene expression of their precursors and receptors. To test
this hypothesis, we euthanized rats at 6 Zeitgeber time (ZT)
points throughout the day (ZTs: 0, 4, 8, 12, 16, and 20) after
96 hours of PS deprivation (SD group), alongside rats allowed
to sleep ad libitum (control group, CTL). In these groups, we
analyzed the following parameters: 1) MCH and hypocretin
levels in the CSF; 2) the expression of the Pmch and Hcrt
genes in the hypothalamus; 3) the expression of Mchr1 and
Hcrtr1 in the frontal cortex and hippocampus; and 4) the
expression of the Hcrtr2 gene in the hippocampus.

Materials and Methods

Animals and Housing Conditions
Three-month-old male Wistar rats (weighing between 320 g
and 370 g; 96 animals, 8 animals per group) from the Center
for the Development of Experimental Models for Medicine

and Biology (Centro de Desenvolvimento de Modelos Exper-
imentais para Medicina e Biologia, CEDEME, in Portuguese)
were housed at the facility of the Department of Psychobiol-
ogy at Universidade Federal de São Paulo (UNIFESP).

All animals were kept on a 12:12-h light-dark cycle (lights
on at 7 a.m.) under controlled temperature conditions (21–
24°C), with free access to food and water.

Ethical Statement
Animal care and use procedures were performed by trained
personnel and conducted following the guide “Animal Mod-
els as tools in Ethical Biomedical Research” (UNIFESP,
2010).56

Appropriate measures were taken to minimize the pain,
discomfort, and stress of the animals. All efforts were made
to use the minimal number of animals necessary to produce
reliable scientific data. The Ethics Committee at UNIFESP
approved this experimental protocol (CEUA: 8359230215).
All animals had access to water and food ad libitum during
the whole experiment.

Control Groups
The light-dark cycle is an essential environmental clue that
entrains the animals’ circadian rhythms. Thus, it is referred
to as the “time giver” or Zeitgeber in German.22 The experi-
mental room lights were turned on at 7:00 a.m. (Zeitgeber
time zero, or ZT0) and turned off at 7:00 p.m. (ZT12).

The CTL animals were placed in their home cages (4 to 5
rats per cage) in the same room as the SD animals. Since any
experimental manipulation may cause some level of stress,
we chose to use cage-control animals, considering that
Machado et al.23 (2004) found that even wide platform-
control could cause sleep deprivation.

As shown in►Figure 1, 6 subgroups (8 animals per group)
were created according to the ZT when euthanasia was
performed: CTLZT0 (7 a.m.), CTLZT4 (11:00 a.m.), CTLZT8

Fig. 1 Experimental design. A total of 96 male Wistar rats were divided into two groups: control (CTL) and paradoxical sleep deprivation (SD).
Each of these groups was subdivided into 6 subgroups (Zeitgeber times, Zts: 0, 4, 8, 12, 16, and 20). The SD experiments initiated at different
ZTs and brains were collected for real-time polymerase chain reaction (RT-PCR) analysis after 96hours. Notes: The gray bars represent the dark phase, and
white spaces represent the light phase.þ time of euthanasia.
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(3:00 p.m.), CTLZT12 (7:00 p.m.), CTLZT16 (11:00 p.m.) and
CTLZT20 (3:00 a.m.).

Paradoxical Sleep Deprivation Groups
For the SD group, we created 6 subgroups of animals (with 8
animals each). The SD experiments were initiated at the
same ZTs as described for the CTL group (SDZT0, SDZT4,
SDZT8, SDZT12, SDZT16, and SDZT20) (►Fig. 1). After
96 hours, the animals in each group were euthanized, along
with the CTL animals of the same ZT group. Euthanasia was
performed in another room, and animals in both groupswere
randomly assigned for this procedure.

Paradoxical Sleep Deprivation Procedure
We applied the modified multiple platform method to
deprive the animals of PS for 96hours. It consists of placing
8 rats on 12 narrow circular platforms (diameter¼6.5 cm)
that were introduced inside a tiled tank (measuring
143�414�30 cm).18 This tank was filled with water up to
1 cm below the upper surface of the platforms.

One day before the experimental protocol, the animals
were allowed to adapt to the procedure for one hour. In the
present study, sleep recordings were not conducted. Howev-
er, we took into consideration the results of a previous
study23 from our laboratory, which demonstrated that the
multiple platform method led to the complete absence of PS
and a moderate decrease (31%) in slow-wave sleep. All
animals had access to water and food ad libitum during
the SD procedure.

Cerebrospinal Fluid Collection
At the end of the experimental protocol (►Fig. 1), the SD and
CTL animals were placed in a glass chamber (measuring
30�20�20 cm) containing halothane until they showed
signs of anesthesia, such as lack of tail reflex. The animals
were then placed in a stereotaxic apparatus for CSF collection
from the cisternamagna using a syringe connected to a 1-mL
insulin-like needle. The CSF limpid aliquots (ranging from
100µl to 150µl) were frozen immediately in dry ice and
stored at -80°C until used; CSF samples with blood were
discarded.

Euthanasia and Tissue Collection
The SD and CTL animals were euthanized at the end of the
experimental protocol (►Fig. 1). Their brains were removed,
and the hypothalamus, hippocampus, and frontal cortex
were dissected, collected, and immediately frozen. We chose
to analyze the cortex and hippocampus because these two
areas are active during PS and are involved with essential
functions attributed to sleep.24,25

Quantification of MCH and Hypocretin in the CSF
The CSF levels of MCH and hypocretin were measured using
the commercially-available enzyme immunoassay (EIA) kit
(Phoenix Pharmaceuticals, Burlingame, CA, United States)
according to the manufacturer’s instructions.

These EIA kits were designed to detect MCH or hypocretin
in a range from 0.45ng/mL to 8.1 ng/mL based on the

principle of “competitive” EIA. Our sample levels were
within the linear range of the kit’s standard curve, mean-
ing that the results we obtained had high reproducibility
and reliability. Measurements of 50 µL of CSF were per-
formed for each sample. The samples were incubated in a
96-well immunoplate with 25 µL of rabbit anti-MCH or
anti-hypocretin antibodies (available with the kit); 25 µL
of biotinylated MCH or hypocretin were introduced, and
the samples were incubated at room temperature for
2 hours under agitation. The immunoplates were washed
4 times with 350 µL of assay buffer. Subsequently, 100 µL
of streptavidin horseradish peroxidase (SAHRP) were ap-
plied, and the samples were incubated at room tempera-
ture for 1 hour under agitation. After incubation, the
immunoplates were washed 4 times with 200 µL of assay
buffer. Next, 100 µL of the colorimetric substrate solution
were applied, and the samples were incubated at room
temperature for 1 hour under agitation. The reaction was
terminated by adding 100 µL of stop solution (hydrochloric
acid 2mol/L, 2N HCl).

Quantifications weremade based on the color intensity of
each well. Yellow intensity is directly proportional to the
concentration of biotinylated–SAHRP but inversely propor-
tional to the samples’ peptide concentration. This is due to
the competitive binding of biotinylated peptides to the
standard peptide or of sample peptides to the primary
antibody.

Unknown sample concentrations were determined by
extrapolation to a standard curve at 450nm of wavelength
using a SpectraMax M2 fluorometer (Molecular Devices LLC,
San Jose, CA, United States). Readings were corrected using
blanks.

Gene Expression Analyses
The harvested tissues were stored in sterile microtubes at
-80°C, and RNAwas extracted using the Brazol reagent (LGC
Biotecnologia, Cotia, SP, Brazil). The quantity and quality of
the extracted RNA were measured using the GeneQuant Pro
(Amersham Pharmacia Biotech, Uppsala, Sweden) RNA/DNA
calculator. Total RNA (1 ug) was used to synthesize the
complementary DNA (cDNA) using ImProm-II Reverse Tran-
scriptase (Promega, Madison, WI, United States).

A diluted cDNA sample was used as a template for real-
time polymerase chain reaction (PCR) amplification using 2X
Maxima SYBR GREEN/ROX qPCR Master Mix (Thermo Scien-
tific, Waltham, MA, United States), and the respective pri-
mers for Pmch, Hcrt, Mchr1, Hcrtr1, Hcrtr2, Beta-actin, and
Hprt1 (the last two as reference genes) were used according
to tissue specificity (see ►Table 1). Amplification and detec-
tion were performed using an Applied Biosystems Step One
Plus Real-Time PCR system (Thermo Scientific). A two-step
cycling protocol was used.

Target mRNA levels were normalized for each well to
endogenous controls Beta-actin (NCBI GenBank accession
number: beta-actin mRNA, NM_031144) and Hprt1 (NCBI
GenBank accession number: Hprt1 mRNA, NM_012583.2).
Forward and reverse primers for the targets were used at the
final concentration of 10 pmol. The PCR products were
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subjected to a heat dissociation protocol (a gradual increase
of temperature from 60° C to 95° C) for melting curve
analyses.

Relative Gene Expression
The relative gene expression was calculated using the com-
parative Ct (2-DCt) method.26 The PCR amplification sign of
the target gene transcript in one group submitted to the
experimental protocol was compared to the transcript of the
reference gene’s amplification sign. This analysis was used to
compare the differences among experimental groups at
different ZTs.

Statistical Analysis
Relative gene expression values were reported as mean�
standard error of the mean (SEM) values. For both study
groups, a generalized linear model (GLM) with gamma
distribution was used to determine the effect of ZT, SD,
and the interaction (group vs. ZT). When necessary, post-
hoc analyses were performed using the Sidak test. The level
of significance was set at p � 0.05. Data analyses were
conducted using the IBM SPSS Statistics for Windows (IBM
Corp, Armonk, NY, United States) software, version 21.0, and
graphs were made using GraphPa Prism 7.0 (Graph Pad
Software, San Diego, CA, United States).

Cosinor Analysis
When the GLM test showed a significant difference between
experimental groups, we performed the cosinor analysis to
test the rhythmicity in a 24-hour period. This method
consists of a periodic regression analysis that adjusts a cosine
function to the temporal series values, and detects if the
adjusted curve shows a statistically significant oscillation or
not. This analysis was carried out using the El Temps
software (Dr. A. Diez-Noguera, University of Barcelona, Bar-
celona, Catalonia, Spain).

Results

MCH and Hypocretin in the CSF
We did not observe, in any ZT, significant differences between
the CTL and SD groups, neither in MCH nor in Hcrt CSF levels
(►Fig. 2). We also compared the Hcrt and MCH CSF levels of
both groups in six ZTs. Considering the MCH levels, the GLM
test showed an effect of the interaction (group�ZT; p¼0.015).
While in the CTL group there was no statistically significant
difference regarding the ZTs, in the SD group, we observed
higher levels ofMCH in theCSFat ZT12compared toZTs4and8
(Wald¼33.274; gl¼11; p¼0.000). On the other hand, there
were no differences in Hcrt CSF levels among ZTs in either
group.

Fig. 2 MCH and hypocretin levels in the cerebrospinal fluid (CSF) of rats. This figure shows MCH and hypocretin CSF levels (ng/mL) of rats in the CTL
and SD groups at 6 ZTs (0, 4, 8, 12, 16, and 20). Notes: � indicates statistically significant differences in the SD group in the comparison of
ZTs 4 and 8; p � 0.05. The horizontal white bar indicates lights on, and the horizontal dark bar indicates lights off. Values expressed as
mean� standard error of the mean (SEM); N¼ 5-8.

Table 1 Primer sequences for Pmch, Hcrt, Mchr1, Hcrtr1, Hcrt2, Actb, and Hprt1.

Primer Forward Reverse Reference sequence

Pmch ATCGGTTGTTCCTTCTCTGGA TGCTTGGAGCCTGTGTTCTTTGTG NM_012625.1

Hcrt AGGACTAGGACAGGGATAGAAG CGCAGAGCTAGAGCCATATC NM_013179.2

Mchr1 GCAAAGGCACCTGACAATTC CAGGGTAGCCTTGGGTTTAAT NM_031758.1

Hcrtr1 CCTTAAAAGAGTGTTTGGGATG AGTTGTAGATGATAGGGTTGGC NM_013064.1

Hcrtr2 GCTGTCGCTGCTGAGATAAA CATTGAGGATGCTGATTGGTAGA NM_013074.1

Actb GACGGTCAGGTCATCACTATC AGAGGTCTTTACGGATGTCAAC NM_031144.3

Hprt1 GCTGACCTGCTGGATTACAT CCCGTTGACTGGTCATTACA NM_012583.2
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Gene Expression

Hypothalamus
For the same ZTs, we did not find any statistically significant
differences between the SD and CLT groups, neither in the
expression of the Pmch and Hcrt genes (►Fig. 3). Further-
more, we did not detect diurnal variation in the expression of
these genes in either group.

Frontal Cortex
We did not find any statistically significant differences in
Mchr1 gene expression in the rats’ frontal cortex in the CTL
and SD groups (►Fig. 4). However, we noticed a statistically
significant difference in the interaction (group �ZT;
p¼0.008) in the expression of Mchr1 gene. In turn, in the
CTL group, we observed higher levels of gene expression at
ZT4 compared to ZT8 (Wald¼26.665; gl¼11; p¼0.005),
while no differences were found in the SD group among ZTs.

Concerning Hcrtr1 gene expression, we observed higher
levels of it in CTL-ZT0 when compared to SD-ZT0 (p¼0.025).
Moreover, there was a statistically significant difference in
the interaction group�ZT (p¼0.002), and, in the CTL group,

the gene expression levelswere lower at ZT8when compared
to ZTs 0 and 12 (Wald¼ 40.021; gl¼11; p¼0.000).

Hippocampus
We analyzed Mchr1, Hcrtr1, and Hcrtr2 gene expression in
the rats’ hippocampus in both groups (►Fig. 5). We did not
find any statistically significant differences between the
groups in any of these genes. Furthermore, no significant
diurnal variation in the expression of these genes was
observed in either group.

Cosinor Analysis
The cosinor analysis showed no statistically significant dif-
ferences considering MCH CSF levels in either group. This
lack of differences was also observed for Mchr1, Hcrtr1 and
Hcrtr2 expression in the frontal cortex and hippocampus in
both groups.

Discussion

With the aim of exploring the effect of the PS deprivation on
the physiology of the MCHergic and hypocretinergic

Fig. 3 Relative gene expression of Pmch and Hcrt in the hypothalamus of rats. This figure shows the relative gene expression (2–DCt) of Pmch and
Hcrt in the hypothalamus of rats in the CTL and SD groups at 6 ZTs (0, 4, 8, 12, 16, and 20). Notes: The horizontal white bar indicates lights on,
and the horizontal dark bar indicates lights off. Values expressed as mean� SEM; N¼ 5-8.

Fig. 4 Relative gene expression ofMchr1 and Hcrtr1 in the frontal cortex of rats. This figure shows the relative gene expression (2–DCt) ofMchr1 and
Hcrtr1 in the frontal cortex of rats in the CTL and SD) groups at 6 ZTs (0, 4, 8, 12, 16, and 20). Notes: �indicates a statistically significant difference
in the CTL group in comparison to ZT8 (Mchr1) and in the CTL group in the comparison between ZTs 0 and 12 (Hcrtr1); # indicates a statistically
significant difference between CTL and SD groups in the same ZT (Hcrtr1); p � 0.05. The horizontal white bar indicates lights on, and the
horizontal dark bar indicates lights off. Values expressed as mean� SEM N¼ 5-8.
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systems, we analyzed MCH and Hcrt CSF levels, the expres-
sion of the Pmch and Hcrt genes, as well as the expression
MCH and hypocretin receptors in the frontal cortex and
hippocampus. We found that the physiology of both systems
is affected in a subtle way, either by the lack of PS and by the
time of the day (ZT).

MCHergic System
As a first step, we analyzed the MCH levels in the CSF.
Surprisingly, we did not find differences between the groups.
In this regard, it is important to note that the CSF concentra-
tion of MCH does not directly reflect the hypothalamus’s
content of MCH, because the cerebral ventricles only receive
input from approximately one-third of MCH-producing neu-
rons,27 and neuroactive substance concentrations in the CSF
vary among different ventricular regions.28

We also analyzed the diurnal variation of the MCH in the
CSF. Interestingly, although the cosinor analysis did not
confirm a diurnal rhythm, we found a subtle diurnal varia-
tion in theMCH levels that reach significance only during SD.
The MCH concentration in the CSF of SD animals was higher
at ZT12 (beginning of the dark phase) than at ZT4 and ZT8
(during the light phase). These results are in accordancewith
those of a previous work29 from our group, which showed
that MCH CSF levels were higher at ZT0 in relation to ZT8 in
SD animals. Moreover, using immunohistochemistry, Gerics
et al.30 (2017) demonstrated that hypothalamic MCH is
higher at the end of the sleep period (ZT12). We can
hypothesize that the higher concentration of MCH at ZT12
in the SDgroup is related to a higher release to the ventricular
system, due to the increased sleep pressure after a long

period of forced wakefulness during the natural sleep phase.
BecauseMCHCSF levels increase inadvanceof feedingat night,
and MCHergic neurons that project to the ventricle system
increase their activity during feeding,27 another possible
explanation is that the activity of these neurons is enhanced
during SD. In this regard, there is an increase in feeding
behavior with sleep loss.31 It is also possible that this diurnal
variation during SD may be due to changes in the function of
the suprachiasmatic nucleus (SCN), which is the master circa-
dian oscillator of the brain.22,32 In this regard, it is known that
total SD promotes functional changes in the SCN.33

There are only a few studies in the literature regarding the
diurnal variation of MCH levels in the CSF. Pelluru et al.34

(2013) measured MCH CSF levels in rats at four time-points
of the day, finding that MCH concentration is higher at noon
than at midnight or at the end of the dark phase. Our results
showed that, although there were variations in MCH CSF
levels throughout the day in the CTL group, these differences
do not reach statistically significant values. This corroborates
the results of our previous study,29 which showed no differ-
ence in MCH CSF levels when comparing CTL animals eutha-
nized at ZT0 versus ZT8. It is important to note that Pelluru
et al.34 used Long-Evans strain rats, which might explain the
differences from our results, considering the physical and
behavioral differences between Long-Evans and Wistar
strains.35,36 In addition, we performed the assessments at
six time-points of the day rather than four, as in the study by
Pelluru et al.,34 which may have led to differences in the
results due to the temporal sampling differences.

As a second step, we analyzed in both groups the expres-
sion of the Pmch and Mchr1 genes in the frontal cortex and

Fig. 5 Relative gene expression of Mchr1, Hcrtr1, and Hcrtr2 in the hippocampus of rats. This figure shows the relative gene expression (2–DCt)
of Mchr1, Hcrtr1, and Hcrtr2 in the hippocampus of rats in the CTL and SD) groups at 6 ZTs (0, 4, 8, 12, 16, and 20). Notes: The horizontal
white bar indicates lights on, and the horizontal dark bar indicates lights off. Values expressed as mean� SEM; N¼ 5- 8.
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hippocampus. Unexpectedly, we did not find significant
differences between the groups.

Regarding the diurnal variation in gene expression, we did
not find a clear diurnal rhythm in the expression of Pmch in
the controls, which was in accordance with previous find-
ings.37,38Neither didwe found diurnal rhythm in the expres-
sion of Pmch in SD rats, in spite of the fact that, in a previous
study by our group,29 we found that the expression at ZT8
was greater than at ZT0 in SD animals.

In the same report,29we described a greaterMchr1 expres-
sion in the hippocampus at ZT8 compared to ZT0 in the
controls. Although in the present study we observed the
sametendency, the resultsdidnot reachstatistical significance.

In the present study, we detected higher levels of Mchr1
gene expression in the frontal cortex of CTL animals at ZT4
when compared to ZT8. The ZT4 sample corresponds to the
first four hours of the light phase. Hence, there is a higher
expression of the MCH receptor when animals concentrate
most of their sleep. Anyway, we must consider that mature
protein formation involves mRNA translation, prepro-pro-
tein generation, and the posttranslational modification of
the protein.39Hence, it is expected that the temporal peak of
gene expression does not coincide with the increase in
protein presence, in this case, MCHR-1. Since the variation
found in CTL animals was lost in the SD group, we can
hypothesize that SD interferes with the physiological profile
of Mchr1 gene expression.

Hypocretinergic System
Previous studies40–42 showed that Hcrt levels in the CSF are
higher during total SD and PS deprivation in relation to
control conditions. During SD, it is likely that hypocretinergic
neuronal activity is augmented to maintain vigilance
states.43,44 One study42 performed by our group used a PS
deprivationprotocol of 96 hours, and demonstrated thatHcrt
levels in SD rats are higher in relation to the CTL at ZT8, but
not at ZT0. We could not reproduce this result in the present
study, probably due to the high number of subgroupswehad.
However, although statistical significance was not reached,
the Hcrt levels were higher during SD at most of the ZTs
evaluated. Interestingly, the mean difference between the
groups was maximal at the end of the resting phase (SD:
0.6�0.21ng/uL; CTL: 0.3�0.17ng/uL).

We did not observe a significant diurnal rhythm in the
Hcrt CSF levels in either group. However, a day/night rhyth-
micity has been previously described in the hypocretinergic
system, with a Hcrt CSF peak at the end of the active phase
and lower levels at the end of the light phase.41,45,46 Similar-
ly, Deboer et al.40 (2004) observed circadian rhythmicity in
Hcrt CSF levels under constant light conditions. This rhyth-
micity is lost following SCN lesion, showing that the SCN
exerts control over the circadian rhythmicity of the hypo-
cretinergic system.

We did not find any significant differences between the
groups in terms of the Hcrt gene expression. Regarding the
diurnal variation in the expression of this gene, the present
work showed a clear peak at ZT4 and a nadir at ZT0 in both
groups; however, these results did not reach statistical

significance. Previous data are contradictory; while Taheri
et al.47 (2000) found a diurnal variation for Hcrt gene
expression in the hypothalamus with a nadir at 19:00, this
profile was not found in mice by Stutz et al.37 (2007) or by
Wang et al.38 (2017). Furthermore, another study48 evaluat-
ed Hcrt expression in the hypothalamus (paraventricular
nuclei, dorsomedial nuclei, arcuate nuclei, and lateral area)
of Sprague Dawley rats and found no difference in gene
expression between day and night.

Therewasadecrease inHcrtr1geneexpression in thefrontal
cortex in SD rats compared to the controls only at ZT0 (end of
active phase), when Hcrt neuronal activity is maximal.49 In
contrast, SD did not affect the expression of Hcrt receptors
(neither type 1 nor 2) in the hippocampus, confirming the
results obtained by our group using autoradiography.50

During prolonged SD, desensitization can occur in an
adaptive process that regulates the number and function of
neurotransmitter receptors. Hence, sleep loss can lead to the
impairment of neurotransmission involved in vigilance main-
tenance with consequences for its stability.51 The frontal
cortex is a susceptible region regarding sleep. During slow-
wave sleep, the electroencephalogram presents its highest
voltage and slowest brain wave oscillations in the frontal
cortex compared to other cortical areas, and SD alters frontal
cortex functions.24 This may explain why we observed differ-
ences in thegene expressionofHcrt andMCHreceptorsonly in
the frontal cortex, but not in the hippocampus.

Our results show that, in CTL rats, the expression ofHcrtr1
in the frontal cortex ismaximal at ZT0 and ZT12 andminimal
at ZT8, which corresponds to the middle of the resting (light)
phase. This partially agrees with the results found by Wang
et al.,38who showed that theHcrtr1 acrophase occurs at ZT15
in the rats’ perifornical area. Interestingly, ►Figure 4 shows
that this diurnal rhythm is lost during SD.

Technical Considerations
The present study has a limitation regarding the sample size,
which may have influenced the results. We used eight animals
per group, but some samples were discarded because of differ-
ent technical problems (such as blood in some CSF samples).
Hence, the analyses were performed with an N¼5-8, which
limited the statistical power whenwe compared 6 groups. This
limitation also affected the cosinor analysis.

Sleep deprivation, either total and partial, is a stressful
factor, leading to increased plasma levels of adrenocortico-
tropic hormone (ACTH) and corticosterone in the experi-
mental animals.31,52 Although we have used the modified
multiple platformmethod, which reduces stress by allowing
more significant locomotion and social interaction among
animals,53 some residual effectsmay be present. TheMCHer-
gic system is involved in stress response, and intracerebro-
ventricular injections of this peptide cause an increase in
plasmatic corticosterone levels and produce anxiety-like
behavior in mice.54 Thus, we cannot discard the possibility
that some of the effects described in the SD animals may be
related to the stress response.

Furthermore, another fact to consider is that when mea-
suring the pMCH and Hcrt, we used the whole hypothalamus
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for the analysis. Hence, this technical issue diluted the
concentration of pMCH and Hcrt, whose neurons are located
mainly in the posterolateral hypothalamus.1,55

Conclusion

The CSF levels of MCH and Hcrt present non-significant
diurnal variations in control conditions. Interestingly,
when animals were deprived of PS, the MCH levels were
higher at the beginning of the dark phase. The expression of
the Pmch and Hcrt genes in the rat hypothalamus did not
present a clear diurnal rhythm and was not altered by
96hours of PS deprivation. In contrast, we observed a diurnal
variation in the expression of Mchr1 and Hcrtr1 in CTL
animals in the frontal cortex, which was lost when animals
were deprived of PS. Sleep deprivation also decreased the
expression of Hcrtr1 at ZT0. In summary, we found subtle
day/night variations in different components of the MCHer-
gic and hypocretinergic systems, and this daily profile was
affected, although in a minor way, by PS deprivation.

Data Availability
The data that support thefindings of the present study are
available from the corresponding author upon reasonable
request.

Funding
The present study was supported by AFIP, FAPESP, CAPES,
and CNPq (VD’A 304995/2014-2 and 304588/2021-0).
ALAA was the recipient of a scholarship from FAPESP
(#2015/05666-2).

Conflict of Interests
The authors have no conflict of interests to declare.

References
1 Peyron C, Tighe DK, van den Pol AN, et al. Neurons containing

hypocretin (orexin) project to multiple neuronal systems. J
Neurosci 1998;18(23):9996–10015

2 Bittencourt JC, Diniz GB. Neuroanatomical Structure of the MCH
System. In: Pandi Perumal SR, Torterolo P, Monti J, eds. Melanin-
concentratingHormoneandSleep. Switzerland:Springer;2018:1–46

3 Torterolo P, Sampogna S, Morales FR, Chase MH. MCH-containing
neurons in the hypothalamus of the cat: searching for a role in the
control of sleepandwakefulness.BrainRes2006;1119(01):101–114

4 Costa A, Castro-Zaballa S, Lagos P, Chase MH, Torterolo P. Distri-
bution of MCH-containing fibers in the feline brainstem: Rele-
vance for REM sleep regulation. Peptides 2018;104:50–61

5 Costa A, Monti J, Torterolo P. Hypocretin (orexin) immunoreac-
tivity in the feline midbrain: Relevance for the generation of
wakefulness. J Chem Neuroanat 2020;105:101769

6 Li SB, de Lecea L. The hypocretin (orexin) system: from a neural
circuitry perspective. Neuropharmacology 2020;167:107993

7 Tan CP, Sano H, Iwaasa H, et al. Melanin-concentrating hormone
receptor subtypes 1 and 2: species-specific gene expression.
Genomics 2002;79(06):785–792

8 Sakurai T, Amemiya A, Ishii M, et al. Orexins and orexin receptors:
a family of hypothalamic neuropeptides and G protein-coupled
receptors that regulate feeding behavior. Cell 1998;92(04):
573–585

9 Hervieu GJ, Cluderay JE, Harrison DC, Roberts JC, Leslie RA. Gene
expression and protein distribution of the orexin-1 receptor in the
rat brain and spinal cord. Neuroscience 2001;103(03):777–797

10 Saito Y, Cheng M, Leslie FM, Civelli O. Expression of the melanin-
concentrating hormone (MCH) receptor mRNA in the rat brain. J
Comp Neurol 2001;435(01):26–40

11 DeLecea L. Twenty-ThreeYears ofHypocretins: The “Rosetta Stone”
of Sleep/Arousal Circuits. Front Neurol Neurosci 2021;45:1–10

12 Bandaru SS, Khanday MA, Ibrahim N, Naganuma F, Vetrivelan R.
Sleep-Wake Control by Melanin-Concentrating Hormone (MCH)
Neurons: a Review of Recent Findings. Curr Neurol Neurosci Rep
2020;20(12):55

13 Potter LE, Burgess CR. The melanin-concentrating hormone sys-
tem as a target for the treatment of sleep disorders. Front Neuro-
sci 2022;16:952275

14 Pizza F, Barateau L, Dauvilliers Y, Plazzi G. The orexin story, sleep
and sleep disturbances. J Sleep Res 2022;31(04):e13665

15 Bouâouda H, Jha PK. Orexin andMCH neurons: regulators of sleep
and metabolism. Front Neurosci 2023;17:1230428

16 Hassani OK, Lee MG, Jones BE. Melanin-concentrating hormone
neurons discharge in a reciprocal manner to orexin neurons
across the sleep-wake cycle. Proc Natl Acad Sci U S A 2009;106
(07):2418–2422

17 Feng H, Wen SY, Qiao QC, et al. Orexin signaling modulates
synchronized excitation in the sublaterodorsal tegmental nucleus
to stabilize REM sleep. Nat Commun 2020;11(01):3661

18 Izawa S, Chowdhury S, Miyazaki T, et al. REM sleep-active MCH
neurons are involved in forgetting hippocampus-dependent
memories. Science 2019;365(6459):1308–1313

19 Blanco-Centurion C, Luo S, Spergel DJ, et al. Dynamic Network
Activation of Hypothalamic MCH Neurons in REM Sleep and
Exploratory Behavior. J Neurosci 2019;39(25):4986–4998

20 Liew SC, Aung T. Sleep deprivation and its association with
diseases- a review. Sleep Med 2021;77:192–204

21 Naiman R. Dreamless: the silent epidemic of REM sleep loss. Ann
N Y Acad Sci 2017;1406(01):77–85

22 Aschoff J, Wever R. Circadian rhythms of finches in light-dark
cycles with interposed twilights. Comp Biochem Physiol 1965;16
(04):507–514

23 Machado RB, Hipólide DC, Benedito-Silva AA, Tufik S. Sleep
deprivation induced by the modified multiple platform tech-
nique: quantification of sleep loss and recovery. Brain Res
2004;1004(1-2):45–51

24 Muzur A, Pace-Schott EF, Hobson JA. The prefrontal cortex in
sleep. Trends Cogn Sci 2002;6(11):475–481

25 Durán E, Oyanedel CN, NiethardN, InostrozaM, Born J. Sleep stage
dynamics in neocortex and hippocampus. Sleep 2018;41(06):

26 Livak KJ, Schmittgen TD. Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-Delta Delta C(T))
Method. Methods 2001;25(04):402–408

27 Noble EE, Hahn JD, Konanur VR, et al. Control of Feeding Behavior
by Cerebral Ventricular Volume Transmission of Melanin-Con-
centrating Hormone. Cell Metab 2018;28(01):55–68.e7

28 Veening JG, Barendregt HP. The regulation of brain states by
neuroactive substances distributed via the cerebrospinal fluid;
a review. Cerebrospinal Fluid Res 2010;7:1

29 Dias Abdo Agamme AL, Aguilar Calegare BF, Fernandes L, et al.
MCH levels in the CSF, brain preproMCH and MCHR1 gene
expression during paradoxical sleep deprivation, sleep rebound
and chronic sleep restriction. Peptides 2015;74:9–15

30 Gerics B, Szalay F, Sótonyi P, Jancsik V. Diurnal variation of the
melanin-concentrating hormone level in the hypothalamus. Acta
Biol Hung 2017;68(01):14–21

31 Galvão MdeO, Sinigaglia-Coimbra R, Kawakami SE, Tufik S,
Suchecki D. Paradoxical sleep deprivation activates hypothalamic
nuclei that regulate food intake and stress response. Psychoneur-
oendocrinology 2009;34(08):1176–1183

Sleep Science © 2024. Brazilian Sleep Association. All rights reserved.

Effects of Paradoxical Sleep Deprivation on MCH and Hypocretin Systems Agamme et al.



32 Moore RY, Lenn NJ. A retinohypothalamic projection in the rat. J
Comp Neurol 1972;146(01):1–14

33 Jha PK, Bouâouda H, Gourmelen S, et al. Sleep Deprivation and
Caffeine Treatment Potentiate Photic Resetting of the Master
Circadian Clock in a Diurnal Rodent. J Neurosci 2017;37(16):
4343–4358

34 Pelluru D, Konadhode R, Shiromani PJ. MCH neurons are the
primary sleep-promoting group. Sleep 2013;36(12):1779–1781

35 Freudenberger CB. A comparison of the Wistar albino and the
Long-Evans hybrid strain of the Norway rat. Am J Anat 1932;
50:293–349

36 Abel EL. Response to alarm substance in different rat strains.
Physiol Behav 1992;51(02):345–347

37 Stütz AM, Staszkiewicz J, Ptitsyn A, Argyropoulos G. Circadian
expression of genes regulating food intake. Obesity (Silver Spring)
2007;15(03):607–615

38 Wang D, Opperhuizen AL, Reznick J, et al. Effects of feeding time
on daily rhythms of neuropeptide and clock gene expression in
the rat hypothalamus. Brain Res 2017;1671:93–101

39 Viale A, Ortola C, Hervieu G, et al. Cellular localization and role of
prohormone convertases in the processing of pro-melanin concen-
tratinghormone inmammals. J BiolChem1999;274(10):6536–6545

40 Deboer T, Overeem S, Visser NA, et al. Convergence of circadian
and sleep regulatory mechanisms on hypocretin-1. Neuroscience
2004;129(03):727–732

41 Desarnaud F, Murillo-Rodriguez E, Lin L, et al. The diurnal rhythm
of hypocretin in young and old F344 rats. Sleep 2004;27(05):
851–856

42 PedrazzoliM, D’Almeida V,Martins PJ, et al. Increased hypocretin-
1 levels in cerebrospinal fluid after REM sleep deprivation. Brain
Res 2004;995(01):1–6

43 Carter ME, Schaich Borg J, de Lecea L. The brain hypocretins and
their receptors: mediators of allostatic arousal. Curr Opin Phar-
macol 2009;9(01):39–45

44 Chase MH. A unified survival theory of the functioning of the
hypocretinergic system. J Appl Physiol 2013;115(07):954–971

45 Zhang R, Lahens NF, balance HI, Hughes ME, Hogenesch JB. A
circadian gene expression atlas in mammals: implications for

biology and medicine. Proc Natl Acad Sci U S A 2014;111(45):
16219–16224

46 Fujiki N, Yoshida Y, Ripley B, Honda K, Mignot E, Nishino S.
Changes in CSF hypocretin-1 (orexin A) levels in rats across 24.
. hours and in response to food deprivation. Neuroreport 2001;12
(05):993–997

47 Taheri S, Sunter D, Dakin C, et al. Diurnal variation in orexin A
immunoreactivity and prepro-orexin mRNA in the rat central
nervous system. Neurosci Lett 2000;279(02):109–112

48 Hernandez ME, Watkins JM, Vu J, Hayward LF. DOCA/salt hyper-
tension alters Period1 and orexin-related gene expression in the
medulla and hypothalamus of male rats: Diurnal influences.
Auton Neurosci 2018;210:34–43

49 Deboer T. Investigating sleep homeostasis using an unusual insta-
bility. Am J Physiol Regul Integr Comp Physiol 2004;287(01):R8–R9

50 D’Almeida V, Hipólide DC, Raymond R, et al. Opposite effects of
sleep rebound on orexin OX1 and OX2 receptor expression in rat
brain. Brain Res Mol Brain Res 2005;136(1-2):148–157

51 Longordo F, Kopp C, Lüthi A. Consequences of sleep deprivation on
neurotransmitter receptor expression and function. Eur J Neuro-
sci 2009;29(09):1810–1819

52 Hipólide DC, Suchecki D, Pimentel de Carvalho Pinto A, Chiconelli
Faria E, Tufik S, Luz J. Paradoxical sleep deprivation and sleep
recovery: effects on the hypothalamic-pituitary-adrenal axis
activity, energy balance and body composition of rats. J Neuro-
endocrinol 2006;18(04):231–238

53 Suchecki D, Tufik S. Social stability attenuates the stress in the
modified multiple platform method for paradoxical sleep depri-
vation in the rat. Physiol Behav 2000;68(03):309–316

54 Smith DG, Davis RJ, Rorick-Kehn L, et al. Melanin-concentrating
hormone-1 receptor modulates neuroendocrine, behavioral, and
corticolimbic neurochemical stress responses in mice. Neuro-
psychopharmacology 2006;31(06):1135–1145

55 Bittencourt JC, Presse F, Arias C, et al. The melanin-concentrating
hormone system of the rat brmmunen immuno- and hybridization
histochemical characterization. J CompNeurol 1992;319(02):218–245

56 AndersenML, Tufik SAnimalmodels as tools in ethical biomedical
research. São Paulo: Unifesp. 2010

Sleep Science © 2024. Brazilian Sleep Association. All rights reserved.

Effects of Paradoxical Sleep Deprivation on MCH and Hypocretin Systems Agamme et al.


