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Circadian variations of neurotransmitters in the brain – 
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Abstract

Circadian rhythms are expressed at the biochemical, physiological, and behavioral level; they help to maintain the internal tempo-
ral order of an organism and allow adaptation to a cyclical environment. Circadian rhythms have a substrate at the genetic level 
and are synchronized to geographical cycles, as well as to other external factors, of which the main one is the light–dark cycle. 
Cerebral functions present circadian rhythms, which influence the neuroprotective response to acquired brain damage, such as 
a traumatic brain injury (TBI). Knowing the moments of greatest vulnerability to such events will allow us to offer elements to 
develop better study models and therapeutic objectives. Here, we present a review on diurnal variation in the levels of noradren-
aline, histamine, orexin, glutamate, gamma-aminobutyric acid, serotonin, acetylcholine (ACh), and dopamine, as well as in the 
expression of their receptors in the brain, neurotransmission systems that may be involved in neuroprotective responses to a TBI.
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Variaciones circadianas de los neurotransmisores en el cerebro.  
Su importancia para la neuroprotección

Resumen

Los ritmos circadianos se expresan a nivel bioquímico, fisiológico y conductual; ayudan a mantener el orden temporal interno 
de un organismo y permiten la adaptación a un entorno cíclico. Los ritmos circadianos tienen un sustrato a nivel genético y 
están sincronizados con los ciclos geográficos, así como con otros factores externos, de los cuales el principal es el ciclo 
luz-oscuridad. Las funciones cerebrales presentan ritmos circadianos, que influyen en la respuesta neuroprotectora al daño 
cerebral adquirido, como un traumatismo craneoencefálico (TCE). Conocer los momentos de mayor vulnerabilidad a tales 
eventos nos permitirá ofrecer elementos para desarrollar mejores modelos de estudio y objetivos terapéuticos. Aquí presenta-
mos una revisión sobre la variación diurna en los niveles de noradrenalina (NA), histamina, orexinas, glutamato, ácido gam-
ma-aminobutírico (GABA), serotonina (5-HT), acetilcolina (ACh) y dopamina (DA), también como en la expresión de sus recep-
tores en el cerebro; sistemas de neurotransmisión que pueden estar involucrados en respuestas neuroprotectoras a un TCE.

Palabras clave: Variación diurna. Traumatismo craneoencefálico. Ritmos biológicos. Neuroprotección.
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Introduction

In the main biological processes, periodic oscillations 
are observed at all levels of organization, from isolated 
cells to complete organisms. This periodicity represents 
a fundamental phenomenon in biological systems con-
ferring functional advantages in a cyclical external 
environment1.

These oscillations have a wide range of periods that 
can cover fractions of a second, such as the firing of a 
neuron, or cycles of 1 or more days and up to a year, 
such as in hibernation or the seasonal reproduction of 
some animals.

Some oscillations are synchronized with environmen-
tal phenomena such as the light–dark cycle, result of 
rotation, and terrestrial translation. Other oscillations 
occur even in the absence of external synchronizers, 
indicating that internal clocks regulate them. These are 
known as biological rhythms. The most studied are the 
circadian rhythms whose cycle is approximately 1 day1.

Circadian rhythms in mammals are generated by the 
circadian system, a group of oscillating tissues directed 
by an internal clock, the suprachiasmatic nucleus 
(SCN). However, different tissues and even isolated 
cells can oscillate and express periodic changes in their 
function. These structures, external to the SCN with 
their own rhythms, have been called peripheral oscilla-
tors and exist in practically all the tissues studied, in-
cluding the liver and the lungs2.

Circadian rhythms in health and 
pathology

The circadian system transmits signals of the time to 
the whole organism, and consequently, all the internal 
processes exhibit maximum and minimum values over a 
period of 24 h. These rhythms allow adaptation to a cy-
clical environment, making the body more efficient at 
times when circumstances demand it and saving effort in 
others. When the rhythmicity is lost or altered, there are 
disorders and alterations in the internal functions and in 
the responses of the individual to their environment, 
which increases the vulnerability to develop various dis-
eases and chronic diseases. If the chronobiological alter-
ation is corrected, the condition or damage decreases3.

Experimentally, it has been observed that the 
response of mice exposed to pathogens is influenced 
by the time at which this exposure occurs, which sug-
gests that both the infectious capacity of the microor-
ganisms and the immune response of the host have a 
circadian rhythmicity4. The vital role of the sleep-wake 

cycle in these interactions has also been described. For 
example, during slow-wave sleep, the activation of the 
immune system is more efficient to counteract bacterial 
infections and increases resistance to pathogens since 
it is presumed that during this period, there is higher 
production of some pro-inflammatory cytokines such as 
tumor necrosis factor-alpha or interleukin-2 that are 
inducers of this type of sleep5.

Experimental evidence suggests that the circadian 
regulation of some of the antioxidant systems influences 
the response to oxidative stress and, therefore, DNA 
damage, lipoperoxidation, and the oxidation of proteins. 
It is also known that superoxide dismutase is expressed 
rhythmically. Likewise, when the circadian rhythms are 
altered, the state of oxidative stress increases, which 
can impact on the state of health-disease6. This rhyth-
micity in antioxidant systems can be used specifically as 
a therapeutic target for the modulation of reactive oxy-
gen species and, therefore, for the protection of cells.

Another clear example of the importance of circadian 
rhythms in the health-disease relationship is presented 
when analyzing the start time of a stroke, which, similar 
to the attack to the myocardium, has a marked diurnal 
rhythm. Numerous studies have shown that the time of 
onset of a stroke, as well as the transient ischemic at-
tacks, occur more frequently between 6:00 and 
12:00 AM, that is, when the subject initiates its activi-
ties7. In the rat, which is a nocturnal animal, ischemia 
causes more significant damage, if it is induced in the 
hours of darkness, which is when it begins its stage of 
greatest activity8. We analyzed the severity of a trau-
matic brain injury (TBI) in relation to the time of day 
using the rat as a model, finding that the recovery from 
a TBI has diurnal variations, recovery being better if the 
trauma occurs in the hours of darkness compared to 
the hours of light9.

During an acquired brain injury, as in a TBI, two types 
of responses are presented: those that generate damage 
and those that generate neuroprotection. Among the for-
mer, the excitotoxicity produced by the excessive release 
of glutamate, which allows the entry of calcium, the ac-
tivation of caspases promoting apoptosis, stands out. 
While in the neuroprotective response, the release of 
gamma-aminobutyric acid (GABA) inhibits the excitabil-
ity and therefore, the activation of the apoptotic path-
ways, minimizing cell death and brain damage. This 
shows that both glutamate and GABA have great inter-
ference in injury processes10. The balance between dam-
age and neuroprotection responses depends on circadi-
an variations where the intensity and efficiency of the 
synaptic neurotransmission plays a preponderant role, 
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fundamentally that of the glutamatergic and GABAergic 
systems.

In this work, we review the existing knowledge of the 
influence of circadian rhythms in the neuroprotection 
processes emphasizing the relevance of the diurnal 
and/or circadian variations present in the release of 
noradrenaline (NA), histamine, orexin, glutamate, 
GABA, serotonin (5-HT), and dopamine (DA), as well 
as in the expression of its receptors.

Circadian variations in neurotransmission 
systems that affect the response to a TBI

The noradrenergic system as an example 
of diurnal variation

A classic example of diurnal variation is observed in 
the noradrenergic system in the pineal gland. One of 
the best-documented rhythms is the secretion of mel-
atonin, generated by the rhythmic activity of serotonin 
N-acetyltransferase. This rhythm is regulated by the 
SCN which stimulates the cyclic release of NA from the 
upper cervical ganglion according to the light–dark cy-
cle. NA binds to beta-adrenergic receptors that stimulate 
cyclic adenosine monophosphate (cAMP) synthesis. In 
the pineal gland, diurnal variations have been reported 
in the expression of beta-adrenergic receptors, as well 
as adenylate cyclase type I and cAMP. In contrast, the 
alpha-adrenergic receptors of the pineal gland do not 
present diurnal changes1,11 (Fig. 1 and Table 1).

Concerning the neuroprotective role of NA, its potent 
anti-inflammatory effect is known in glial cell cultures12 
protecting dopaminergic cells and reducing oxidative 
stress13. There is no reference to any NA rhythms in-
volved in this process.

Diurnal variations of the histaminergic 
system

Histamine, a wake-promoting neurotransmitter shows 
diurnal variation in the hypothalamus of many species 
with higher levels during the waking period and lower 
levels during sleep; in mice, the number of neurons 
containing histidine decarboxylase (HDC), the key en-
zyme for histamine production, is higher in the dark 
than in the light; even in the human hypothalamus, the 
diurnal variation of HDC mRNA has been document-
ed14. Concerning the possible neuroprotective role of 
histamine, several clinical trials using agonists for his-
tamine receptors, in particular for H3, are in process 
for the treatment of some neuronal diseases, such as 

sleep-wake disorders, neuropathic pain, attention defi-
cit hyperactivity disorder, Alzheimer’s disease, schizo-
phrenia, and Parkinson’s disease. Besides, recent 
studies in animal models have shown that histamine 
protects hippocampal neurons from excitotoxic damage 
induced by kainic acid and increases the neuroprotec-
tive effect of astrocytes15,16.

Diurnal variations of the orexinergic 
system

The orexin, hypothalamic peptides that regulate the 
waking state, presents diurnal variations in several spe-
cies. In mice, more orexin neurons are seen in the night 
compared to the day, and diurnal variation of their lev-
els in cerebrospinal fluid has been described even in 
humans14,17. Regarding the neuroprotective role of orex-
in, it has been described that they reduce neuroinflam-
mation and infarct volume in stroke animal models; 
recently, it has been reported that intranasal orexin 
administration as post-cardiac arrest treatment in rat 
facilitates arousal from a coma18.

Diurnal variations of the glutamatergic 
system

Virtually, all the excitatory cells in the nervous system 
are glutamatergic, and it is estimated that more than 
50% of the synapses in the brain release glutamate.

Figure  1. Variation profile of the levels of serotonin, 
N-acetyl serotonin, melatonin; of the enzymes serotonin-
N-acetyltransferase and acetyl-serotonin O-methyl 
transferase; and of the alpha-  and beta-adrenergic 
receptors in the pineal gland1,11.
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There are few studies on the diurnal variability of the 
glutamatergic system and most only analyze its varia-
tion in the SCN. Some reports indicate a higher con-
centration of glutamate in the SCN of hamsters during 
the latter part of the night, a pattern that is preserved 
under conditions of continuous darkness. Furthermore, 
it has been observed that mRNA for glutamate decar-
boxylase (GAD65), one of the isoforms of GAD, which 
catalyzes the decarboxylation of glutamate to form 
GABA, presents diurnal variations in the SCN, which 
disappears when the animals are subjected to contin-
uous darkness19,20 (Table 1).

In the SCN, there is also a diurnal variation in the 
expression of the NR2B, NR1, and NR3 subunits of the 
N-methyl-D-aspartate (NMDA) receptor, with the lowest 
expression at 0 h and the highest at 20 h21 (Table 1). 
While the Ca2+ currents evoked by α-amino-3-hydroxy-
5-methyl-4-isoxazole propionate (AMPA), present a 
wide distribution in the SCN, and a diurnal rhythm with 
a peak during the night. Michel establishes that the 
communication between the right and left SCN, as well 
as the degree of synchronization of the neurons of this 

nucleus, depends on the AMPA receptor since they are 
lost when it is blocked22.

Outside the SCN, it has been described that mRNA 
for the kainate receptor KA2 presents diurnal variations 
in GnRH-ergic neurons in females whose maximum 
level of expression depends on the age of the rat23. 
Furthermore, the transporter the VGLUT1, the isoform 
that is mainly expressed in cerebral cortex, presents 
diurnal variations in synaptic vesicles obtained from 
mouse brain; this rhythm does not seem to depend on 
the synthesis of VGLUT1, but rather on the vesicular 
turnover24.

At the level of the olfactory bulb, recently identified 
as a circadian oscillator, a diurnal variation in the ex-
pression of the GluR1 subunit of the AMPA receptor 
has been reported. This finding could be the basis of 
the circadian synchronization of the action potential in 
the bulb and modify the synaptic interactions expected 
to impact olfactory coding25 (Table 1).

NMDA receptors have been considered fundamental 
in brain memory and plasticity processes, in which the 
energetic factor could be playing an important role; in 

Table 1. Maximum and minimum values of some neurotransmitters and their receptors in the brain

Neurotransmitter/receptor (species) Day Night Reference

Circulating melatonin (human, rat) ↓ ↑ Solís and Sánchez-Barceló, 201011

Noradrenaline in the innervation of the cervical ganglion superior 
to the pineal gland (rat)

↓ ↑ Wirz-Justice, 19871

Expression of beta-adrenergic receptors in the pineal gland (rat) ↓ (mRNA) ↑ (mRNA) Wirz-Justice, 19871

Histamine in hypothalamic tuberomammillary region (rat) ↓ ↑ McGregor et al., 201715

Glutamate in SCN (hamster) ↓ ↑ Glass et al., 199319

Expression of GAD65 in SCN (rat) ↑ (mRNA) ↓ (mRNA) Huhman et al., 199620

Expression of NR1-NMDA in SCN (rat) ↑ (RNAm) 
↓ (Protein) 

↓ (mRNA)
↑ (Protein)

Bendová et al., 200921

Expression of GLUR1-AMPA in olfactory bulb (rat) ↓ (mRNA) ↑ (mRNA) Corthell et al., 201225

Expression of NR1-NMDA in motor cortex (rat) ↑ (Protein) ↓ (Protein) Estrada-Rojo et al., 20189

GABA in SCN (rat) ↓ ↑ Aguilar-Roblero et al., 199327

GABA in striatum (rat) ↓ ↓ Choma et al., 197928

Expression of α2-GABAa in median eminence (hamster) ↑ ↑ Naum et al., 200132

Serotonin binding in brain membrane fraction (rat) ↓ ↑ Wesemann et al., 198635

Brain activity of the cholinergic system (rat, hamster, mouse) ↓   (inactive 
phase)

↑  (active 
phase) 

Hut and Van der Zee, 201139

Dopamine in striatum (rat) ↓ ↑ Castañeda et al., 200427

GABA: gamma-aminobutyric acid, SCN: suprachiasmatic nuclei, NMDA: N-methyl-D-aspartate, AMPA: α-amino-3-hydroxy-5-methy-4-isoxazole propionate.
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this sense, it has recently been reported that orexin-A 
inhibits the activation of these receptors by NMDA, in 
rat hippocampus in a time-dependent manner26.

Recently, we described a diurnal variation in the ex-
pression of the NR1 subunit of NMDA in motor cortex 
with a peak in the hours of light, this correlated with 
greater behavioral damage in rats subjected to TBI 
during the light phase9 (Table 1).

Although limited, the available knowledge of the di-
urnal variation of the glutamatergic system is of great 
importance. Deepening its role in different areas of the 
brain will make it possible to increase neuroprotective 
responses to a brain injury and create more effective 
therapeutic windows.

Diurnal variations of the GABAergic 
system

GABA is found in most inhibitory synapses of the 
brain and spinal cord.

Several authors report diurnal variations in the GAB-
Aergic system in the SCN. Even some studies indicate 
that GABA, in SCN, can be excitatory during daytime 
hours and inhibitory at night27 (Table 1).

Outside the SCN, a diurnal variation of GABA levels 
has been reported in the pons, the striatum, the nucle-
us accumbens28,29 (Table 1), the hypothalamus, in ad-
dition to the median eminence of lactating rabbits30 and 
the expression of the GABAa receptor, in rat cerebral 
cortex31. In the hamster, a variation in the turnover of 
GABA in the brain has been reported, as well as the 
a2 subunit of the GABAa receptor in the median emi-
nence and the Kd of the GABAa receptor in the cere-
bral cortex32 (Table 1). Even in humans, a diurnal vari-
ation in GABAergic modulation of the motor cortex 
inhibition has been described33.

Therefore, before a brain injury process, the neuro-
protection response would be modulated by the rela-
tionship between GABA and glutamate, which varies 
throughout the day.

Diurnal variations of the 5-HT system

Several studies report a diurnal rhythm in the levels 
of 5-HT in plasma, hippocampus, hypothalamus, stria-
tum, cerebellum, pineal gland, and SCN34, as well as 
for the binding of 5-HT to rat brain membranes35, for 
the 5-HT2 receptor in the frontal cortex and the lateral 
hypothalamus1 (Table 1).

It should be noted that the serotonergic system is 
phylogenetically the oldest of the neurotransmission 

systems, and although only a few thousand neurons 
release 5-HT, there is a considerable amount of target 
neurons so that 5-HT acts as a thermostat that regu-
lates internal variations with those of the environment 
and participates in complex processes of emotions and 
thoughts. It also stabilizes neuronal circuits and regu-
lates the response of other neurotransmitters36.

Regarding the relationship of 5-HT with acquired 
brain injury, there are reports suggesting that inhibitors 
of its recapture increase neuroplasticity after a focal 
injury37. In the motor recovery of a TBI, the role of 5-HT 
is not so clear, but its participation in post-traumatic 
processes such as depression, mood swings, and even 
Alzheimer’s disease has been confirmed38.

Diurnal variations of the cholinergic 
system

Several studies have shown circadian fluctuations in 
the release of acetylcholine (ACh), in the activity of 
choline acetyltransferase, and in the expression of its 
receptors that vary notably between species and even 
between strains. In general, the circadian rhythmicity 
of the cholinergic system is characterized by a high 
release of ACh during the active phase of the individ-
uals. In SCN, its rate of secretion does not appear to 
be endogenous but rather depends on exposure to 
light39 (Table 1). The superior cervical ganglion of the 
rat, analyzed in vitro, releases ACh with a circadian 
rhythm, with a maximum peak in the middle of the noc-
turnal phase40. Regarding the muscarinic receptors in 
rat brain, it has been reported that their number is 
higher when the ACh levels are lower (inactive phase 
of the animal), and they are found in less quantity at 
night when the animal is more active41.

ACh has an essential role in the regulation of the 
sleep-wake cycle. It is considered a neurotransmitter of 
wakefulness, is released from basal forebrain nuclei 
during wakefulness and rapid eye movement (REM) 
sleep, and its release is dramatically reduced during 
slow-wave sleep (SWS). The neurons responsible for 
the SWS are located in the ventrolateral preoptic nucle-
us of the hypothalamus. They receive input from the 
SCN, and the retina and their firing are necessary for 
the maintenance of SWS. During wakefulness, their 
activity must be inhibited by norepinephrine from locus 
coeruleus nuclei and by ACh from the cholinergic nuclei 
of the basal forebrain39.

In rat TBI models, cognitive deterioration is associat-
ed with cholinergic system damage since its activation 
provides improvement during the recovery period of the 
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brain injury42. Excessive activation of muscarinic recep-
tors in areas CA2 and CA3 of the hippocampus in post-
TBI rats has also been reported, which contributes to 
the pathophysiological sequelae; however, it is not 
ruled out that this activation could be modulated by the 
time the injury occurs43.

The role of ACh in neuroprotection processes 
requires more studies; the fact that its receptors show 
differential expression during the day could provide a 
therapeutic window in the recovery of cognitive pro-
cesses that are regulated in the cerebral cortex and 
hippocampus.

Diurnal variations of the dopaminergic 
system

The release of DA follows a circadian rhythm, in struc-
tures such as the nucleus accumbens and the striatum, 
its rhythm is maintained under constant light conditions, 
but it is lost in constant darkness29 (Table 1).

At the level of the olfactory bulb, the concentration of 
DA varies according to the time of day, but it has not 
been established whether its receptors vary as well44. 
In the striatum, several authors have shown diurnal 
variations in the dopaminergic receptors45 (Table 1).

At the level of the substantia nigra, it has been doc-
umented that the circadian disruption of DA produces 
motor abnormalities additional to those classically de-
scribed for Parkinson’s disease; it is not known if this 
deregulation also involves its receptors46.

From the clinical point of view, various dopaminergic 
drugs have been used to treat successfully cognitive 
deficits after a TBI47.

Other neurotransmission systems

Finally, circadian rhythms have been demonstrated in 
other neurotransmitters, for example, opioids, adenos-
ine, and endocannabinoids; all of them have been in-
volved in neuroprotection processes. Specifically, our 
group has described diurnal variations in the CB1 can-
nabinoid receptor in pons, hippocampus, and cerebral 
cortex. Both adenosine and opioids are considered as 
neuroprotective48,49, and the cannabinergic system has 
been identified as one of the most directly involved in 
neuroprotection50.

Limitations

It is worth noting that most of the studies referred to 
in this review were carried out in animal models, in vivo 

or in vitro. However, we try to refer to studies that pres-
ent data from human patients. In all cases, we indicate 
whether the reported data were obtained from animal 
models or human patients.

Perspectives

Knowing the relationship between the sleep-wake 
cycle, the diurnal or circadian rhythms and the neuro-
transmission systems involved in the acquired brain 
damage open a window in their study as potential bio-
markers or therapeutic targets. With this approach, it 
will probably benefit a more significant number of pa-
tients with acquired brain damage.

Our group has published that both total sleep depri-
vation and REM sleep for short periods have favorable 
consequences in the recovery of a TBI. We believe that 
5-HT, NA, and several other neurotransmitters and 
neuromodulators may be participating in this effect. 
Proposing them as therapeutic objectives is beyond the 
scope of this review.

Conclusion

The knowledge of rhythmic variations at the brain 
level of neurotransmission systems is essential to 
establish more effective neuroprotection processes 
in the face of acquired brain damage. This knowl-
edge is gaining importance; however, it is still nec-
essary to investigate whether this variation takes 
place only in the release or also in the expression of 
the receptors of the different neurotransmitters. This 
information will allow us to know better the normal 
functioning of the brain and in general of the nervous 
system.

In this review, we have provided evidence that neu-
rotransmission systems show rhythmic variations. 

In acquired brain damage, whether due to an isch-
emic process or a TBI, knowledge of circadian rhythms 
will determine the most appropriate time to apply ther-
apeutic targets, drugs, and neuroprotective strategies. 
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