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Background: Infantile spasm (IS) is one of the most common catastrophic epilepsy

syndromes in infancy characterized by epileptic spasm. While adrenocorticotropic

hormone (ACTH) is the first-line treatment for IS, it is evident that the seizures associated

with IS exhibit a clear circadian rhythm; however, the precise mechanisms underlying

such seizures remain unclear. Melatonin is an important amine hormone and is regulated

by circadian rhythm. Circadian proteins, especially Aryl Hydrocarbon Receptor Nuclear

Trasnslocator-like Protein (ARNTL or BMAL1) and Circadian Locomotor Output Cycles

Kaput (CLOCK), and their target proteins Period Circadian Regulator 1 (PER1), Period

Circadian Regulator 2 (PER2), Cryptochrome 1 (CRY1), and Cryptochrome 2 (CRY2), play

key roles in circadian rhythm. This study explored the relationships between melatonin,

genes associated with circadian rhythm, and epileptic spasm.

Materials and Methods: Eighteen female rats were mated with nine male rats

and 16 became pregnant. Twelve pregnant rats were subjected to prenatal stress by

forced swimming in cold water from the day of conception. Rat pups produced by

stressed mothers received an intraperitoneal injection of N-methyl-D-aspartate (NMDA)

on the 13th day after birth and were divided into four groups: NMDA (15 mg/kg),

NMDA+ACTH (20 IU/kg), NMDA+melatonin (55 mg/kg), and NMDA+ACTH+melatonin

(n= 36/group). Offspring from four dams that were not subjected to prenatal stress were

used as controls. We then recorded latency and the frequency of flexion seizures. All

offspring were sacrificed on the 14th day after birth and CLOCK, BMAL1, PER1, PER2,

CRY1, and CRY2 expression was analyzed by western blotting, immunohistochemistry,

and immunofluorescence.

Results: NMDA induced spasm-like symptoms in rats. ACTH andmelatonin significantly

increased seizure latency and significantly reduced the frequency of seizures (P < 0.05).

CLOCK, BMAL1, PER1, PER2, CRY1, and CRY2 expression was significantly lower

in the NMDA group than the controls (P < 0.05). ACTH significantly increased the

expression of CLOCK, BAML1, PER1, and CRY1 (P < 0.05) and melatonin significantly

increased the expression of CLOCK, BMAL1, PER1, PER2, CRY1, and CRY2 (P < 0.05)

compared with those of the NMDA group. There were no significant differences in

the expression of BMAL1, CRY2, PER1, and PER2 when compared between the

NMDA+ACTH+melatonin and control groups (P > 0.05).
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Conclusion: ACTH and melatonin significantly increased the expression of circadian

genes and improved NMDA-induced seizures. The anticonvulsant effects of ACTH and

melatonin are likely to involve regulation of the expression of these genes.

Keywords: infantile spasm, circadian rhythm, circadian gene, adrenocorticotropic hormone, melatonin

INTRODUCTION

Infantile spasm (IS) is a catastrophic and age-specific epilepsy
syndrome characterized by epileptic spasm that occurs in infancy
and can exert severe effects on growth and development.
IS seizures are associated with circadian rhythm and mostly
occur when infants experience arousal conditions and during
the daytime, particularly during early drowsiness or after
awakening; seizures are very rare during sleep (1–4). The specific
pathogenesis of IS has yet to be fully elucidated although
previous studies have suggested that it may be associated with
dysfunction of the hypothalamic-pituitary-adrenal (HPA) axis
(5). Adrenocorticotropic hormone (ACTH), as an intermediate
product of the HPA axis, and because of its ability to reduce levels
of corticotropin-releasing hormone (CRH) via negative feedback,
is commonly used as a first-line treatment for IS; however, the
precise mechanism involved remains unclear. The HPA axis is
known to be closely related to the circadian rhythm. For example,
a number of studies have demonstrated a circadian rhythm in
the neuronal regulation of the suprachiasmatic nucleus in the
hypothalamus (6–8). Based on such findings, it is possible that
the pathogenesis of IS may be related to the excessive release of
CRH in the hypothalamus. Previous research has demonstrated
a close relationship between ACTH and circadian rhythm (9–
11). However, whether ACTH can alter the expression levels of
genes responsible for the circadian rhythm in IS, and whether its
anticonvulsant effects are related to the regulation of circadian
rhythm genes, remains unclear.

Circadian Locomotor Output Cycles Kaput (CLOCK),
Aryl Hydrocarbon Receptor Nuclear Trasnslocator-like Protein
(ARNTL or BMAL1), Period Circadian Regulator 1 (PER1),
Period Circadian Regulator 1 (PER2), Cryptochrome 1(CRY1),
and Cryptochrome (CRY2) are considered to be the core
proteins responsible for the circadian rhythm. These proteins
interact with each other to influence the transcription of other
circadian rhythm genes which mediate various physiological and
pathological processes in the nervous system (12, 13).

Several studies have shown that epilepsy is closely related to
the circadian rhythm. For example, Quigg et al. (14) reported
obvious circadian rhythms in some types of epileptic seizures in
both humans and experimental mice. In another study, Durazzo
et al. (15) retrospectively analyzed the electroencephalogram
records of 131 adults with epilepsy and found that most
epileptic seizures originating from the occipital and temporal
lobes occurred in the afternoon, while seizures originating
from the frontal and parietal lobes usually occurred at night.
These findings indicated that the endogenous circadian rhythm
differentially influences themanifestations of epilepsy in different
regions of the brain (15). However, whether the pathogenesis

of IS is related to abnormalities in factors associated with the
circadian rhythm has yet to be fully elucidated.

Melatonin is an amine hormone synthesized and secreted by
the pineal gland, which is regulated by the circadian rhythm
and can also exert effects upon the circadian rhythm. The
secreted levels of melatonin during the night can be 5–10 times
higher than that during the daytime; consequently, melatonin
can be used as a drug for sleep disorders to regulate circadian
rhythms in patients with insomnia (16–18). Previous studies
have shown that epilepsy is associated with melatonin levels. For
example, the administration of exogenous melatonin can reduce
the number of seizures, prolong the latency to seizure and reduce
the severity of epilepsy (19, 20). In a previous study, Mosińska
et al. (21) suggested that melatonin may control the frequency
and threshold of epileptic seizures by regulating the expression
of circadian rhythm genes. However, the precise mechanism
underlying this protective effect, and whether melatonin can
restore the expression of circadian rhythm genes in IS, has yet
to be elucidated.

There are mainly three ways to induce the acute animal
model of infantile spasm, such as NMDA rat model, prenatal
betamethasone/stress+post-natal NMDA rat model and
GBL/Down syndrome mouse model. We choose the prenatal
stress+post-natal NMDA rat model for its characteristics with
age dependency, spasm-like seizures, cognitive impairment and
response to ACTH, which fulfills the criteria of an infantile
spasm model (22).

The aim of this study was to observe the role of the circadian
rhythm in the pathogenesis of epileptic spasm and to investigate
whether the anticonvulsant effects of ACTH and melatonin
are related to the regulation of circadian rhythm factors in
an N-methyl-D-aspartate (NMDA)-induced infant rat model of
acute spasm.

MATERIALS AND METHODS

Animals and Prenatal Treatment
Nine 3-month-old male Sprague–Dawley (SD) rats, and 18
female SD rats, weighing 270–350 g, were selected from the
Laboratory Animal Center of Chinese PLA General Hospital and
placed in a standard polycarbonate cage (35 × 30 × 17 cm) at
a temperature of 20◦C, a relative humidity of 50–60% and with
a controlled photoperiod (12 h light:12 h dark; lights on and off
at 8 am and 8 pm, respectively). Food and drinking water were
provided ad libitum and the rats were allowed to acclimatize for
1 week prior to experimentation.

Female rats were then mated with male rats. The presence
of a vaginal plug was considered as gestational day 1; in
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total, 16 female rats became pregnant. From gestational day 1,
12 pregnant dams were subjected to stress. To induce stress,
the pregnant rats were placed into a transparent plexiglass
bucket (50 cm in height × 20 cm in diameter) filled with
cold water (4◦C) at 5 pm each day and forced to swim for
5min. Thereafter, the rats were removed from the bucket and
dried in a heated container for 10min before being returned
to the cage. Stress was administered daily until parturition.
The other four dams were not exposed to stress. We ensured
that we used the minimum number of animals necessary and
took great care to reduce any unnecessary discomfort. This
study was approved by the Ethics Committee of the First
Medical Center of the PLA General Hospital, China (Reference
number: 20160134).

Experimental Groups
Offspring without prenatal stress were used as a control
group (n = 36). The offspring exposed to prenatal stress
(n = 144) were divided into four groups (n = 36 per group):
(1) NMDA group, in which rats were injected intraperitoneally
(i.p.) with NMDA (15 mg/kg); (2) NMDA+ACTH group, in
which rats were injected (i.p.) with ACTH (20 IU/kg) 30min
before NMDA administration; (3) NMDA + melatonin
(MLT) group, in which rats were given melatonin (55
mg/kg) 30min before NMDA administration; and (4)
NMDA+MLT+ACTH group, in which rats were injected
(i.p.) with ACTH (20 IU/kg) and melatonin (55 mg/kg) 30min
before NMDA administration.

NMDA Rat Model
The day of birth was considered as post-natal day 1 (P1).
On P13, all offspring exposed to prenatal stress (n = 144)
were injected (i.p.) with NMDA (15 mg/kg) to induce epileptic
seizures. We then recorded the latency from injection to flexion
seizure and the number of flexion seizures. The severity of
seizures was evaluated according to an established system: grade
0 (no seizures, normally active); grade 1 (stable and puffing);
grade 2 (hyperactive, irritated, twisting tail continuously);
grade 3 (bothering itself and others); grade 4 (repeated
flexion, n ≤ 4); grade 5 (repeated flexion, 5 ≤ n ≤ 14);
grade 6 (repeated flexion, 15 ≤ n ≤ 29); grade 7 (repeated
flexion, n ≥ 30); grade 8 (extremities showing thrashing-like
movements after tonic–clonic seizures); and grade 9 (death). All
rats were continuously monitored for 3 h following the injection
of NMDA.

Detection of Factors Associated With
Circadian Rhythm
All experimental and control rats were sacrificed with a
ketamine/cilazine cocktail 24 h after the last injection of drugs,
such as NMDA, ACTH, and/or melatonin. We then removed the
hypothalamus from each rat.

Western Blot Analyses
Western blot analyses were used to identify hypothalamic
tissue (n = 9/group). Tissue extracts were washed three
times in phosphate-buffered saline (PBS, pH 7.0) prior to the

addition of 1mL radioimmunoprecipitation assay (RIPA) buffer
(Beyotime, Shanghai, China) containing a protease inhibitor
cocktail (Beyotime, Shanghai, China). This was then incubated
for 30min and then centrifuged at 12,000 g for 10min at 4◦C. The
supernatant was then removed and stored in aliquots at −80◦C
to await further analysis. Protein concentration was measured
using the Bradford assay (23). For each rat, an equal amount
of protein extract (20–50 µg) was then separated by 7–12%
sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis
and transferred electrophoretically to polyvinylidene difluoride
membranes (Millipore, Billerica, MA, USA). The membranes
were then blocked with 5% skimmed milk containing 0.05%
Tween 20 with Tris-buffered saline (TBST) for 2 h at 37◦C
and then incubated overnight at 4◦C with a range of
antibodies against BMAL1, CLOCK, PER1 (1:300; Abcam,
Cambridge, MA, USA), PER2, CRY2 (both rabbit antibodies;
1:1,000; Thermo Fisher Scientific, Waltham, MA, USA) and
CRY1 (mouse antibody; 1:500; Santa Cruz Biotechnology,
CA, USA). Antibodies were diluted in TBST containing
2.5% skimmed milk. A rabbit anti-glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) polyclonal antibody (1:1,000; Xianzhi
Biotechnology, Hangzhou, China) was used to demonstrate
equal protein loading. The next day, the membranes were
incubated with a horseradish peroxidase (HRP)-conjugated
anti-mouse or anti-rabbit secondary antibody (1:5,000; Boster
Biological Technology, Wuhan, China) for 2 h at 37◦C and
visualized using an enhanced chemiluminescence detection
kit (Thermo Fisher Scientific, Waltham, MA, USA). Band
intensities were quantified using ImageJ software v3.91 (NIH,
Bethesda, MD, USA) and each sample was normalized according
to GAPDH.

Immunohistochemical Staining
Hypothalamic tissue samples (n = 3/group) were fixed in 10%
buffered formalin and embedded in paraffin wax. Sections
(4µm) were then cut and then dewaxed and dehydrated
using a graded series of ethanol concentrations. Sections
were then covered in 25mM citrate buffer (pH 6.0), boiled
and then allowed to cool for 40min. Hydrogen peroxide
(3%) was used to inactivate endogenous peroxidase activity.
Sections were then blocked and permeabilized with normal
goat serum (Abcam, Cambridge, MA, USA) for 30min at
room temperature. Next, sections were incubated overnight
at 4◦C with rabbit antibodies against BMAL1 and CLOCK
(1:100; Abcam, Cambridge, MA, USA) and a mouse
antibody against CRY1 (1:100; Santa Cruz Biotechnology,
CA, USA). The next day, sections were incubated with
an HRP-conjugated anti-mouse or anti-rabbit secondary
antibody (Boster Biological Technology, Wuhan, China)
for 30min. Color was developed with a solution of 3–3-
diaminobenzidine (Dako Denmark A/S, Glostrup, Denmark),
and the results were assessed with a Dako REAL EnVision
Detection System. The specificity of antibody binding was
evaluated using negative controls (incubation with PBS without
antibody). Finally, areas showing positive antibody binding
were quantified using ImageJ software v3.91 (NIH, Bethesda,
MD, USA).
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Immunofluorescence Staining
For immunofluorescence staining, sections (4µm) of
hypothalamic tissue (n = 3/group) were dewaxed and hydrated
using a graded series of ethanol concentrations, boiled in
25mM citrate buffer (pH 6.0) for 10min and then cooled with
cold deionized water for 1 h. Sections on coverslips were then
washed three times in PBS and blocked and permeabilized with
normal goat serum (Abcam, Cambridge, MA, USA) for 30min
at room temperature. After drying, sections were incubated
overnight at 4◦C with rabbit antibodies against BMAL1 and
CLOCK (1:100; Abcam, Cambridge, MA, USA) and a mouse
antibody against CRY1 (1:100; Santa Cruz Biotechnology, CA,
USA). All antibodies were used at a dilution of 1:100. The
next day, sections were washed three times in PBS and then
incubated with Cy3-conjugated goat anti-rabbit IgG secondary
antibody and Cy3-conjugated goat anti-mouse IgG secondary
antibody (Boster Biological Technology, Wuhan, China) for 1 h
at 25◦C. Coverslips were then washed three times with PBS,
mounted on glass slides with Fluoromount-G (SouthernBiotech,
Birmingham, AL, USA) with 4′,6-diamidino-2-phenylindole

(DAPI; Beyotime; Shanghai; China) and visualized using a BX53
microscope (Olympus, Tokyo, Japan). Areas of positive antibody
binding were then quantified using ImageJ software v3.91 (NIH,
Bethesda, MD, USA). A schematic diagram of the experimental
process is shown in Figure 1.

Data Analysis
Results are expressed as mean ± standard error of the mean
(SEM). Data were first evaluated using the Kolmogorov–Smirnov
test to determine whether the data were normally distributed.
Normally distributed data were then tested for significance using
independent-sample t-tests. Analysis of variance (ANOVA) was
used to test the significance of data that were not normally
distributed. The correlations between the expression of factors
associated with circadian rhythm and seizure frequency and
latency of all the rats with spasmswere analyzed using Spearman’s
correlation coefficient. All statistical analyses were carried out
using SPSS 22.0 (IBM Corp., Armonk, NY, USA). P < 0.05 was
considered statistically significant.

FIGURE 1 | Schematic showing the experimental protocol.

Frontiers in Neurology | www.frontiersin.org 4 October 2020 | Volume 11 | Article 497225

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Wan et al. Circadian and Infantile Spasm

FIGURE 2 | The injection of NMDA induced spasm-like seizures.

FIGURE 3 | The injection of NMDA induced spasm-like seizures.

RESULTS

NMDA Injection Induced Spasm-Like
Seizures in Rats
The intraperitoneal injection of NMDA into rat pups induced
spasm-like symptoms. The specific characteristics of curling
spasms, in which rats curled into a ball-like shape, included
spine curling, the head meeting the tail, the paws curling against
the body or the entire body forming a ball-like shape. Spasms
occurred singularly or continuously. We also observed tonic
seizures and even death (Figures 2, 3).

Effects of Melatonin and ACTH on
NMDA-Induced Seizures
In the NMDA group, the mean latency to the onset of flexion was
25.91 ± 3.53min, and the mean number of flexion seizures was
15.26 ± 2.44. In the NMDA+ACTH group, the administration
of ACTH significantly increased the latency to flexion seizure
(39.47 ± 2.86min) (P < 0.001) and significantly reduced the
number of flexion seizures (9.01 ± 1.71) (P < 0.001). In
the NMDA+MLT group, the administration of melatonin also
significantly increased the latency to flexion seizure (37.13 ±

3.92min) (P < 0.001) and significantly reduced the number of
flexion seizures (11.29 ± 3.79) (P < 0.001). The combined effect

TABLE 1 | Effects of ACTH and melatonin on seizure.

Latency (min) P Seizures (number) P

NMDA

group

25.91 ± 3.53 – 15.26 ± 2.44 –

NMDA+ACTH

group

39.47 ± 2.86 <0.001 9.09 ± 1.71 <0.001

NMDA+MLT

group

37.15 ± 3.92 <0.001 11.29 ± 3.79 <0.001

NMDA+ACTH+MLT

group

42.82 ± 2.50 <0.001 6.79 ± 2.16 <0.001

of ACTH and melatonin was also significant (P < 0.001, Table 1)
and was much more obvious.

ACTH and Melatonin Altered the
Expression of Circadian Rhythm Factors
Western blotting was used to detect the expression of key proteins
associated with the circadian rhythm. The expression of several
circadian rhythm factors (CLOCK, BMAL1, PER1, PER2, CRY1,
and CRY2) in the NMDA group was significantly lower than
in the control group (P < 0.05). However, compared with the
NMDA group, ACTH treatment led to a significant increase in
the expression of CLOCK, BMAL1, PER1, and CRY1 (P < 0.05).
Additionally, compared with the NMDA group, the expression
of CLOCK, BMAL1, PER1, PER2, CRY1, and CRY2 all increased
significantly (P < 0.05) in the NMDA+ACTH+MLT and
NMDA+MLT groups. Furthermore, there were no significant
differences in the expression of BMAL1, CRY2, PER1, and
PER2 between the NMDA+ACTH+MLT and control groups
(P > 0.05) (Table 2, Figures 4A, 6A).

We also used immunohistochemical and
immunofluorescence staining to investigate the expression
of CLOCK, BMAL1, and CRY1 proteins. In the NMDA group,
the expression of CLOCK, BMAL1, and CRY1 proteins was
significantly lower than that in the control group (n = 3)
(P < 0.05). Furthermore, the expression of CLOCK, BMAL1,
and CRY1 proteins in the NMDA+ACTH and NMDA+MLT
groups was significantly higher than that in the NMDA group
(P < 0.05). The increased level of expression was most obvious
in the NMDA+ACTH+MLT group relative to the NMDA
group (P < 0.05). Compared with the control group, the
NMDA+ACTH+MLT group showed no significant difference
in the immunofluorescence staining experiments (P > 0.05),
though there was a significantly lower expression of CLOCK
protein in the immunohistochemical staining experiments
(Figures 4B, 5, 6B,C).

Expression of Circadian Rhythm Factors
Was Positively Correlated With Latency
and Negatively Correlated With the
Frequency of Flexion Seizures
Spearman’s correlation coefficient was used to study the
correlations between the expression of circadian rhythm factors
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TABLE 2 | Expression of circadian rhythm proteins.

Control

group

NMDA

group

NMDA

+ACTH group

NMDA+

MLT group

NMDA+ACTH+

MLT group

CRY1/

GAPDH

0.786 ± 0.075 0.141 ± 0.011a 0.251 ± 0.031ab 0.39 ± 0.049ab 0.578 ± 0.028ab

CRY2/

GAPDH

0.605 ± 0.047 0.118 ± 0.019a 0.237 ± 0.066b 0.381 ± 0.076ab 0.505 ± 0.066b

PER1/

GAPDH

0.653 ± 0.081 0.142 ± 0.027a 0.276 ± 0.038ab 0.422 ± 0.046ab 0.549 ± 0.07b

PER2/

GAPDH

0.789 ± 0.128 0.177 ± 0.062a 0.332 ± 0.085b 0.479 ± 0.063ab 0.623 ± 0.11b

CLOCK/

GAPDH

0.621 ± 0.027 0.16 ± 0.024a 0.332 ± 0.025b 0.424 ± 0.019ab 0.50 ± 0.055b

BMAL1/

GAPDH

0.569 ± 0.038 0.126 ± 0.031a 0.246 ± 0.076ab 0.376 ± 0.043ab 0.446 ± 0.033b

aP < 0.05 compared with control group; bP < 0.05 compared with NMDA group.

and seizure latency and frequency. The expression of circadian
rhythm factors was positively correlated with latency to flexion
seizure (P < 0.001, Table 3) and negatively correlated with the
frequency of flexion seizures (Table 3).

DISCUSSION

This study showed that the administration of ACTH and
melatonin significantly increased the latency to flexion seizure
and significantly reduced the frequency of flexion seizures.
Furthermore, NMDA-induced seizures were associated with
significant reductions in the expression levels of several key
circadian rhythm proteins (CLOCK, BMAL1, PER1, PER2,
CRY1, and CRY2). However, the administration of ACTH
significantly increased the expression of PER1, CRY1, and
CLOCK proteins, while the administration of melatonin
significantly increased the expression of all circadian rhythm
proteins (CLOCK, BMAL1, PER1, PER2, CRY1, and CRY2).
Some of these increases (BMAL1, PER1, PER2, CRY1, and CRY2)
were larger in the group of rats receiving a combination of ACTH
andmelatonin treatments. Finally, we showed that the expression
of key circadian rhythm proteins was positively correlated with
the latency to flexion seizure and negatively correlated with the
frequency of flexion seizures. Collectively, these data demonstrate
that these circadian rhythm proteins may play an important
role in the pathogenesis of epileptic spasm and demonstrate the
anticonvulsant effects of ACTH and melatonin.

In a previous study, Nakken et al. (24) reported that
abnormalities of the endogenous circadian rhythm observed
in sleep disorders could induce various types of epilepsy,
particularly idiopathic generalized epilepsy. Subsequent studies
confirmed that the core circadian rhythm genes, BMAL1 and
CLOCK, affected both seizure threshold and excitability (13, 25).
Furthermore, Wallace et al. (26) reported that BMAL1 and
CLOCK, and their respective target genes PER1 and PER2,
showed lower levels of expression in the hypothalamus of mice
following knockout of the voltage-dependent potassium channel

gene KCNA1. In the present study, we found that NMDA-
induced seizures were associated with reduced expression of
several circadian rhythm proteins (CLOCK, BMAL1, PER1,
PER2, CRY1, andCRY2). Collectively, these findings indicate that
circadian rhythm factors may be involved in the pathogenesis
of epilepsy, including specific forms of epilepsy, such as IS.
ACTH, an intermediate product of the HPA axis, is commonly
used as the first-line treatment for IS. Previous research has
shown that ACTH may regulate the release and expression of
neurotransmitters by inhibiting the release of CRH by negative
feedback, thus controlling spastic seizures; however, the specific
mechanism involved has yet to be elucidated (5). In this study,
we found that ACTH treatment reduced the frequency of flexion
seizures and increased the expression of PER1, CRY1, and
CLOCK proteins.

While numerous researchers have investigated the effect of
ACTH on IS, no studies have investigated the effect of melatonin
on IS. Melatonin is a hormone secreted by the pineal gland,
which is regulated by the circadian rhythm and can also influence
the circadian rhythm in turn. Exogenous administration of
melatonin is also known to enhance the expression of genes
associated with the circadian rhythm (23). Previous studies have
also shown that melatonin is associated with epilepsy and that
the administration of melatonin can effectively control seizures,
increase the threshold of epileptic seizure, and prolong the
seizure latency and reduce the severity of epilepsy (27, 28). This
study showed that melatonin can reduce the frequency of flexion
seizures and increase the expression of CLOCK, BMAL1, PER1,
PER2, CRY1, and CRY2 proteins. The combined effect of ACTH
and melatonin on the expression of genes associated with the
circadian rhythm was more extensive than the effect of either
ACTH or melatonin alone, suggesting that circadian rhythm
factors may play a key role in the mechanisms underlying the
combined anticonvulsant effect of ACTH and melatonin.

It is generally accepted that the circadian rhythm is associated
with epilepsy via two principal mechanisms. First, circadian
rhythm genes (BMAL1 and CLOCK), and their transcription
factor complex, BMAL1–CLOCK, are known to influence
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FIGURE 4 | Expression of CLOCK and BMAL1 proteins in each group. (A) Representative western blot images and densitometric quantification of CLOCK and

BMAL1 proteins from hypothalamus extracts. The equal loading of proteins is illustrated by GAPDH. Values are expressed as mean ± standard error of the mean

(SEM; n = 9). (B) Hypothalamus CLOCK and BMAL1 immunohistochemistry. Paraffin-embedded sections were stained with antibodies against CLOCK and BMAL1.

Original magnification: ×400. Values are expressed as mean ± SEM of experiments performed in triplicate. A: control group; B: NMDA group; C: ACTH group; D: MLT

group; E: ACTH+MLT group. aP < 0.05 compared with control group; bP < 0.05, compared with NMDA group.
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FIGURE 5 | Expression of CLOCK and BMAL1 as detected by immunofluorescence. Hypothalamus tissue was stained with antibodies against BMAL1 and CLOCK

(red). DAPI staining (blue) denotes cell nuclei. Values are expressed as mean ± standard error of the mean (SEM) of experiments performed in triplicate. A: control

group; B: NMDA group; C: ACTH group; D: MLT group; E: ACTH+MLT group. aP < 0.05 compared with the control group; bP < 0.05 compared with the NMDA

group.

the expression of other genes that are causally involved in
epilepsy (for example, PAR DBP, TEF, and HLF) (29, 30). One
previous study reported that the knockout of CLOCK in the
excitatory pyramidal neurons of rats resulted in a reduced seizure
threshold and an increased number of seizures during sleep.
This was combined with reduced dendritic spine formation

and alterations in the electrophysiological characteristics of the
neuronal microcircuits containing excitatory pyramidal cells.
These changes resulted in a paroxysmal depolarizing shift, the
cellular hallmark of epilepsy (30). The same phenomenon was
observed in BMAL1 knockout mice (29). The second mechanism
is related to the mTOR pathway, which is also known to be
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FIGURE 6 | (A). Representative western blot images and densitometric quantification of PER1, PER2, CRY1, and CRY2 proteins from hypothalamus extracts. Equal

loading of proteins is demonstrated by GAPDH. (B) Hypothalamus CRY1 immunohistochemistry. Paraffin-embedded sections were stained with antibodies against

CRY1. Original magnification: ×400. Values are expressed as mean ± standard error of the mean (SEM) of experiments performed in triplicate. (C) Expression of

CRY1 as detected by immunofluorescence staining. Hypothalamus tissue was stained with an antibody raised against CRY1 (red). DAPI staining (blue) denotes cell

nuclei. Values are expressed as mean ± SEM of experiments performed in triplicate. A: control group; B: NMDA group; C: ACTH group; D: MLT group; E: ACTH+MLT

group. aP < 0.05 compared with control group; bP < 0.05 compared with NMDA group.
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TABLE 3 | Correlations of circadian rhythm proteins with the latency and frequency of seizures.

Protein BMAL1 CLOCK CRY1 CRY2 PER1 PER2

Frequency r −0.644573 −0.636777 −0.647762 −0.608860 −0.640577 −0.615326

P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Latency r 0.707102 0.800684 0.712740 0.677922 0.712917 0.669540

P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

regulated by circadian rhythm factors (31). Mutations in the
mTOR inhibitor genes, TSC1 and TSC2, have been shown
to cause overactivity in the mTOR pathway, thus leading to
epilepsy in patients with tuberous sclerosis (32). Evidence also
suggests that mutations in other regulatory proteins, such as
the GATOR1 complex, can lead to disinhibition of the mTOR
pathway, thus resulting in nocturnal frontal lobe epilepsy (33).
Based on these two theories, previous studies have suggested that
key molecules in the mTOR pathway (such as the translation
initiation factor 4EBP1 and the kinase S6K1) can change the
period and amplitude of CLOCK expression by regulating
protein synthesis (34) and that BMAL1 is regulated by the
phosphorylation of S6K1 (35). Therefore, circadian rhythm genes
maybe involved in the pathogenesis of spasms through the
above approaches.

There were several limitations to this study that need to be
considered. Firstly, our sample size was small. Secondly, due to
funding limitations, we only used an animal model and did not
perform clinical studies. Thirdly, this is a acute spasms model,
although we speculate that it may have chronic effects, but unable
to reflect the actual clinical situation. Finally, we were unable to
knock out appropriate genes in order to confirm the mechanisms
thatmay be associated with our observations. Futher experiments
and clinical studies are needed to validate the findings of the
present study.

CONCLUSIONS

In conclusion, this study showed that NMDA-induced seizures
were associated with the reduced expression of circadian rhythm
proteins and that the administration of ACTH and/or melatonin
increased the latency to seizure and reduced the frequency
of flexion seizures. The anticonvulsant effects of ACTH and
melatonin are likely to be related to regulatory effects on the
expression of genes associated with the circadian rhythm. These
results pave the way toward a better understanding of factors
associated with the circadian rhythm and their involvement in
epilepsy. The findings also enhance our understanding of the

mechanisms underlying the anticonvulsant properties of ACTH
and melatonin.
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21. Mosińska P, Socała K, Nieoczym D, Laudon M, Storr M, Fichna J, et al.

Anticonvulsant activity of melatonin, but not melatonin receptor agonists

Neu-P11 and Neu-P67, in mice. Behav Brain Res. (2016) 307:199–207.

doi: 10.1016/j.bbr.2016.03.036

22. Galanopoulou AS, Moshé SL. Neonatal and Infantile Epilepsy: Acquired

and Genetic Models. Cold Spring Harb Perspect Med. (2015) 6:a022707.

doi: 10.1101/cshperspect.a022707

23. González-Fernández B, Sánchez DI, Crespo I, San-Miguel B, de Urbina JO,

González-Gallego J, et al. Melatonin attenuates dysregulation of the circadian

clock pathway in mice with CCl4-induced fibrosis and human hepatic stellate

cells. Front Pharmacol. (2018) 9:556. doi: 10.3389/fphar.2018.00556

24. Nakken KO, Solaas MH, Kjeldsen MJ, Friis ML, Pellock JM, Corey LA. Which

seizure-precipitating factors do patients with epilepsy most frequently report?

Epilepsy Behav. (2005) 6:85–9. doi: 10.1016/j.yebeh.2004.11.003

25. Matos HC, Koike B, Pereira W, de Andrade TG, Castro OW, Duzzioni M,

et al. Rhythms of core clock genes and spontaneous locomotor activity in post-

status epilepticus model of mesial temporal lobe epilepsy. Front Neurol. (2018)

9:632. doi: 10.3389/fneur.2018.00632

26. Wallace E, Wright S, Schoenike B, Roopra A, Rho JM, Maganti RK.

Altered circadian rhythms and oscillation of clock genes and sirtuin 1 in a

model of sudden unexpected death in epilepsy. Epilepsia. (2018) 59:1527–39.

doi: 10.1111/epi.14513

27. Solmaz I, Gürkanlar D, Gökçil Z, Göksoy C, Ozkan M, Erdogan

E. Antiepileptic activity of melatonin in guinea pigs with

pentylenetetrazol-induced seizures. Neurol Res. (2009) 31:989–95.

doi: 10.1179/174313209X385545

28. Banach M, Gurdziel E, Jedrych M, Borowicz KK. Melatonin in

experimental seizures and epilepsy. Pharmacol Rep. (2011) 63:1–11.

doi: 10.1016/S1734-1140(11)70393-0

29. Gerstner JR, Smith GG, Lenz O, Perron IJ, Buono RJ, Ferraro TN. BMAL1

controls the diurnal rhythm and set point for electrical seizure threshold in

mice. Front Syst Neurosci. (2014) 8:121. doi: 10.3389/fnsys.2014.00121

30. Li P, Fu X, Smith NA, Ziobro J, Curiel J, TengaMJ, et al. Loss of CLOCK results

in dysfunction of brain circuits underlying focal epilepsy. Neuron. (2017)

96:387–401.e6. doi: 10.1016/j.neuron.2017.09.044

31. Ramanathan C, Kathale ND, Liu D, Lee C, Freeman DA, Hogenesch JB, et al.

mTOR signaling regulates central and peripheral circadian clock function.

PLoS Genet. (2018) 14:e1007369. doi: 10.1371/journal.pgen.1007369

32. Koene L, van Grondelle SE, Proietti Onori M, Wallaard I, Kooijman N,

van Oort A, et al. Effects of antiepileptic drugs in a new TSC/mTOR-

dependent epilepsy mouse model. Ann Clin Transl Neurol. (2019) 6:1273–91.

doi: 10.1002/acn3.50829

33. Ricos MG, Hodgson BL, Pippucci T, Saidin A, Ong YS, Heron SE, et al.

Mutations in the mammalian target of rapamycin pathway regulators

NPRL2 and NPRL3 cause focal epilepsy. Ann Neurol. (2016) 79:120–31.

doi: 10.1002/ana.24547

34. Cao R, Li A, Cho HY, Lee B, Obrietan K. Mammalian target of rapamycin

signaling modulates photic entrainment of the suprachiasmatic circadian

clock. J Neurosci. (2010) 30:6302–14. doi: 10.1523/JNEUROSCI.5482-09.2010

35. Lipton JO, Yuan ED, Boyle LM, Ebrahimi-Fakhari D, Kwiatkowski E,

Nathan A, et al. The circadian protein BMAL1 regulates translation in

response to S6K1-mediated phosphorylation. Cell. (2015) 161:1138–51.

doi: 10.1016/j.cell.2015.04.002

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Wan, Shi, Ge, Sun, Zhang, Wang, Hu, Zou and Yang. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Neurology | www.frontiersin.org 11 October 2020 | Volume 11 | Article 497225

https://doi.org/10.1016/j.pediatrneurol.2018.04.012
https://doi.org/10.3892/mmr.2015.3751
https://doi.org/10.1016/j.ynstr.2016.09.001
https://doi.org/10.1007/s12576-018-0597-5
https://doi.org/10.3389/fnins.2019.00139
https://doi.org/10.1210/en.2016-1330
https://doi.org/10.1111/cen.12998
https://doi.org/10.1017/S1751731116001671
https://doi.org/10.1016/S1474-4422(18)30335-1
https://doi.org/10.1152/physiolgenomics.00091.2018
https://doi.org/10.1016/S0920-1211(00)00157-1
https://doi.org/10.1212/01.wnl.0000308938.84918.3f
https://doi.org/10.1016/j.sleep.2015.01.005
https://doi.org/10.2174/0929867325666180501094850
https://doi.org/10.1016/j.cbi.2018.02.023
https://doi.org/10.1007/s11064-017-2200-5
https://doi.org/10.3390/ijms19071973
https://doi.org/10.1016/j.bbr.2016.03.036
https://doi.org/10.1101/cshperspect.a022707
https://doi.org/10.3389/fphar.2018.00556
https://doi.org/10.1016/j.yebeh.2004.11.003
https://doi.org/10.3389/fneur.2018.00632
https://doi.org/10.1111/epi.14513
https://doi.org/10.1179/174313209X385545
https://doi.org/10.1016/S1734-1140(11)70393-0
https://doi.org/10.3389/fnsys.2014.00121
https://doi.org/10.1016/j.neuron.2017.09.044
https://doi.org/10.1371/journal.pgen.1007369
https://doi.org/10.1002/acn3.50829
https://doi.org/10.1002/ana.24547
https://doi.org/10.1523/JNEUROSCI.5482-09.2010
https://doi.org/10.1016/j.cell.2015.04.002
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	The Instigation of the Associations Between Melatonin, Circadian Genes, and Epileptic Spasms in Infant Rats
	Introduction
	Materials and Methods
	Animals and Prenatal Treatment
	Experimental Groups
	NMDA Rat Model
	Detection of Factors Associated With Circadian Rhythm
	Western Blot Analyses
	Immunohistochemical Staining
	Immunofluorescence Staining

	Data Analysis

	Results
	NMDA Injection Induced Spasm-Like Seizures in Rats
	Effects of Melatonin and ACTH on NMDA-Induced Seizures
	ACTH and Melatonin Altered the Expression of Circadian Rhythm Factors
	Expression of Circadian Rhythm Factors Was Positively Correlated With Latency and Negatively Correlated With the Frequency of Flexion Seizures

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


