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Abstract 

Acid-sensing ion channels (ASICs) are voltage-insensitive Na+ channels activated by 

extracellular protons. ASICs belong to the degenerin/epithelial sodium channel (DEG/ENaC) 

family. Four genes (ASIC 1-4) encoding at least six subtypes (1a, 1b, 2a, 2b, 3, 4). ASICs are 

widely distributed in the central and peripheral nervous systems. ASICs are involved in many 

physiological and pathological processes, such as fear conditioning, pain sensation, and 

seizures. Hydrogen sulfide (H2S) has emerged as a new gasotransmitter and has been shown to 

exert cellular effects by interacting with proteins, including many ion channels. Endogenous 

H2S is widely biosynthesized in the nervous system, cardiovascular system and endocrine 

system. We found that the H2S donor NaHS potentiated the acid-induced ASIC1a peak currents 

in a time- and concentration-dependent manner. Similarly, NaHS potentiated also the acid-

induced currents of ASIC1b, ASIC2a, and ASIC3. The endogenous ASIC currents of cultured 

hypothalamus neurons were also increased by the H2S donors. We also found that the total and 

plasma membrane expression of ASIC1a was increased by H2S donors, as determined in 

cultured cortical neurons. H2S also enhanced the activation of the extracellular signal‐regulated 

kinase (pErk1/2), and pharmacological blockade of the MAPK-Erk1/2 signaling pathway 

prevented the H2S donor-induced increase of ASIC function and expression.  

Circadian rhythm is the result of natural selection in the long-term evolution of organisms. The 

various physiological behaviors and functions of the body show obvious circadian rhythms, 

such as sleep/wake, feeding and body temperature. The body temperature is mainly regulated 

by the Hypothalamic-Pituitary-Thyroid (HPT) axis. We found that the expression of ASIC1a 

in the hypothalamus has a diurnal rhythm in WT mice under a normal light/dark cycle. Global 

deletion of ASIC1a changed the body temperature at night, and this change depended on the 

HPT axis. Activation of ASIC1a upregulates the expression of Trh through the Akt-mTOR 

pathway in hypothalamus to regulate the HPT axis.  

Our study demonstrated the expression and function of ASICs in the hypothalamus, and 

identified the signaling mechanism involved. Since ASICs are involved in many physiological 

and pathological processes, our studies can help to better understand the regulation of 

physiological and pathological processes, as well as the inhibition of disease progression. 
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Résumé 

Les canaux sensibles aux protons (ASICs) sont des canaux sodiques non voltage dépendants 

activés par une acidification extracellulaire. Les ASICs appartiennent à la famille des 

dégénérines/canaux sodiques épithéliaux (DEG/ENaC) et quatre gènes codant pour six sous-

unités (1a, 1b, 2a, 2b, 3, 4) ont été identifiés. Les ASICs sont largement distribués dans le 

système nerveux central et périphérique. Ils sont impliqués dans de nombreux processus 

physiologiques et pathologiques, tels que le conditionnement de peur, la sensation de douleur 

et les convulsions. Le sulfure d'hydrogène (H2S) est récemment apparu comme un nouveau 

gazotransmetteur et il a été démontré qu'il exerce des effets cellulaires en interagissant avec des 

protéines, parmi lesquelles de nombreux canaux ioniques. Le H2S endogène est biosynthétisé 

dans le système nerveux, le système cardiovasculaire et le système endocrinien. Nous avons 

constaté que le donneur de H2S, le NaHS, augmentait les courants de pointe induits par l'acide 

d'une manière dépendante du temps et de la concentration. De même, NaHS a également 

potentialisé les courants induits par l'acide d'ASIC1b, ASIC2a et ASIC3. Les courants ASIC 

endogènes des neurones de l'hypothalamus en culture ont également été potentialisés par les 

donneurs de H2S. Nous avons également constaté une augmentation de l’expression totale et 

membranaire plasmique d'ASIC1a par le donneur de H2S, comme déterminé dans les neurones 

corticaux en culture. Le H2S a également augmenté l'activation de la kinase Erk1/2, et le 

blocage pharmacologique de la voie de signalisation MAPK-Erk1/2 a empêché l'augmentation 

de la fonction et de l'expression des ASICs induite par le donneur de H2S. 

Le rythme circadien est le résultat de la sélection naturelle dans l'évolution à long terme des 

organismes. Les divers comportements et fonctions physiologiques du corps montrent des 

rythmes circadiens évidents, tels que le sommeil/l'éveil, l'alimentation et la température 

corporelle. La température corporelle est principalement régulée par l'axe hypothalamo-

hypophyso-thyroïdien (HPT). Nous avons constaté que l'expression d'ASIC1a dans 

l'hypothalamus a un rythme circadien chez les souris wild-type sous un cycle lumière/obscurité 

normal. La suppression globale d'ASIC1a a modifié le rythme de la température corporelle, et 

ce changement dépendait de l'axe HPT. L'activation d'ASIC1a régule positivement l'expression 

de Trh via la voie Akt-mTOR dans l'hypothalamus pour réguler l'axe HPT. 
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Nos études ont examiné l'expression et la fonction des canaux ASIC dans l’hypothalamus, et 

ont identifié le mécanisme de signalisation impliqué. Puisque les ASICs sont impliqués dans de 

nombreux processus physiologiques et pathologiques, nos études peuvent nous aider à mieux 

comprendre la régulation des processus physiologiques et pathologiques, ainsi que l’inhibition 

de la progression de maladies. 
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Étude de la régulation et de la fonction des canaux ioniques à détection d'acide 

Zhong Peng 

Département des sciences biomédicales, Faculté de biologie et de médecine, UNIL 

En 1980, les scientifiques ont enregistré des courants induits par l'acide provenant des neurones 

sensoriels, mais le premier gène des canaux ioniques à détection d'acide (ASIC) n'a été cloné 

qu'en 1997. Les ASIC sont largement distribués dans le système nerveux central et 

périphérique. Dans le système nerveux périphérique, l'acidose tissulaire est une caractéristique 

commune de nombreuses conditions de nociception. Des protons sont libérés par les tissus 

blessés et activent les canaux ASIC pour induire une sensation de douleur. Dans le système 

nerveux central, des conditions telles qu'une consommation d'énergie élevée, un métabolisme 

anormal, une inflammation, un accident vasculaire cérébral ischémique et une excitation 

neuronale excessive peuvent provoquer une acidification du système nerveux central.  

Depuis plusieurs centaines d'années, le H2S est connu comme un gaz incolore toxique qui sent 

les œufs pourris. Les fonctions physiologiques et pathologiques importantes du H2S produit de 

manière endogène n’ont pas été étudiées. Ici, nous avons constaté que le H2S augmentait les 

courants ASIC d'une manière dépendante du temps et de la concentration. Nous avons 

également constaté que l'expression totale et membranaire d'ASIC1a était augmentée par le 

H2S, et cette augmentation dépendait de la voie de signalisation MAPK-Erk1/2. La 

compréhension du mécanisme de régulation des ASICs par H2S est très utile pour des maladies 

telles que la mort neuronale induite par un AVC ischémique.  

Le rythme circadien est le résultat de la sélection naturelle dans l'évolution à long terme des 

organismes. Ce rythme circadien permet aux organismes de mieux prévoir les changements et 

d'ajuster leur état pour s'adapter aux changements de l'environnement extérieur. La température 

corporelle des mammifères a un rythme circadien qui est principalement régulé par l'axe 

hypothalamo-hypophyse-thyroïdien (HPT). Nous caractérisons ici la régulation de la 

température corporelle par ASIC1a. Chez les souris soumises à un cycle lumière/obscurité 

normal, l'expression d'ASIC1a dans l'hypothalamus a un rythme circadien. La suppression 

globale d'ASIC1a a modifié le rythme de la température corporelle, et ce changement dépendait 

de l'axe HPT.  
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1. Introduction 

1.1 Acid-sensing ion channels (ASICs) 

1.1.1 Expression and distribution of ASICs 

In 1980, scientists recorded acid-induced currents from sensory neurons 1, but ASICs' first gene 

was not cloned until 1997 2. ASICs belong to the degenerin/epithelial sodium channel 

(DEG/ENaC) family. Mammalian ASICs are encoded by four genes (ASIC 1-4) and a total of 

six subtypes (1a, 1b, 2a, 2b, 3, 4). ASIC2b homomers do not form functional homomeric 

channels and could only be expressed in the plasma membrane as part of functional 

heterotrimers with other ASICs 1,3. ASICs are widely distributed in the central and peripheral 

nervous systems. ASIC1a, ASIC1b, ASIC2a, ASIC2b and ASIC3 are expressed in the 

peripheral nervous system, where ASIC3 is the highest expressed ASIC isoform 4-9. Acid-

induced currents in mouse peripheral sensory neurons are mediated by heteromers composed 

of ASIC1a, ASIC2, and ASIC3 subunits 6. ASICs mainly distribute to the cell body and sensory 

terminals in peripheral sensory neurons, and play a role of nociceptive sensors 10. In the central 

nervous system, neurons express ASIC1a, ASIC2a, ASIC2b, and ASIC4. ASICs mainly 

distribute in the cell body, dendrites, and dendritic spines. They mainly contribute to synaptic 

transmission, learning and memory, and cell death after ischemic stroke 7,11,12. The currents 

induced by protons recorded from cultured brain neurons are a mixture of ASIC1a, ASIC2a, 

and ASIC2b 13-15. Interestingly, ASICs are not expressed in glial cells 16. In addition to the 

nervous system, ASICs also express in non-neural tissues such as vascular smooth muscle cells 

and bone cells 17-19.  

Functional ASICs are homotrimers or heterotrimers; channel properties of different subtypes 

are different. Homomeric ASIC1a can conduct Ca2+, while the heteromeric ASIC1a is not Ca2+ 

permeable 20. After being activated by protons, ASICs can quickly open to induce a peak current 

and then quickly desensitize into a desensitization (non-conducting) state 1,2. ASICs cannot be 

activated by additional extracellular acdification during the desensitized state. This property of 

ASICs may help to prevent neuronal death under the conditions of continuous acidification 21-
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23. However, ASIC3 is able to generate a biphasic current containing a transient component 

followed by a non-desensitizing sustained current in response to acidic stimulation. This 

property of ASIC3 may be related to its physiological function, such as ASIC3-mediated 

chronic and inflammatory pain 24-27.  

1.1.2 ASICs structure and regulation 

The crystal structure of ASIC1 provides an additional understanding of the effect that ligand 

binding has on ion permeation and gating of ASIC1 channels (Figure 1). ASICs have a large 

extracellular loop, and the extracellular loop contains many conserved cysteine residues, which 

can form disulfide bonds within subunits. The N- and C- terminal of ASICs are intracellular 

2,28,29. A single subunit's overall structure resembles an upheld arm with a loosely clenched fist, 

the large extracellular loop is similar to a clenched "fist", and the transmembrane area is similar 

to the "arm". According to different parts of the fist, the extracellular loop can be divided into 

"palm", "knuckle", "finger", "thumb",  and "β ball" part 20. The study of ASIC1a structure 

found an "acidic pocket" in the extracellular region supposed to be conducts the ASIC 

activation, but our group found that proton sensing in the "acidic pocket" is not required for 

channel function30. Many ASICs regulators also bind at this domain to regulate the opening of 

the channel31.  

Like other DEG/ENaC family members, each subunit of ASICs contains two transmembrane 

domains (TM1 and -2), and the transmembrane domain is mainly responsible for the function 

of ion permeability 20,31,32. TM2 is involved in forming ion inflow paths near the extracellular 

side, while TM1 interacts with the lipid bilayer. In addition, studies had found that some amino 

acid residues before TM1 contributed to the ion selectivity of the ASICs channel 20,31,33,34. The 

TM2 domain predominantly lines the pore to mediate ion permeation and form the selectivity 

filter. ASICs can activate by extracellular acidification, but the specific mechanism of 

acidification leading to ASICs' opening is still unclear 20.  

ASIC1a is distinguished from other ASICs by a reduced response to successive acid 

stimulations, and this process is called Tachyphylaxis. This effect may be due to the fact that 
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ASIC1a can also permeate protons to increase the intracellular proton concentration, thereby 

inhibiting the opening of channel 35,36. Extracellular Ca2+ as an allosteric modulator and channel 

blocker of ASICs. The apparent affinity for the proton of ASIC1a and 1b is modulated by 

extracellular Ca2+ through a competition between Ca2+ and proton; the recovery process of 

ASIC1a from the desensitized state is also affected by the Ca2+ concentration 2,14.  

Figure 1. Structure of chicken ASIC 120,31. 

Left: Crystal structure of ASIC1 homotrimer. The green ball in the picture represents chloride ion, the 

"thumb", "finger" area are marked in the picture, and the gray bars represent the boundaries of the outer (out) and 

inner (in) leaflets of the membrane bilayer. Right: The crystal structure analysis of a single subunit. The black 

dash line in the picture indicates the disulfide bond formed (labeled 1–7). 

There are many molecules that can regulate ASICs, but only few are subtype-selective 

inhibitors or agonists. The most commonly used inhibitor of ASICs is Amiloride, widely used 

for the DEG/ENaC family 37,38. Recently it was found that Psalmotoxin-1 (PcTx-1), a toxin 

secreted by tarantulas, can specifically inhibit ASIC1a, but does not affect other subtypes 39. 

There is also a specific inhibitor of ASIC3, APETx2 is a peptide isolated from the sea anemone, 

it can specifically inhibit ASIC3 40. The Mambalgins, a toxin from black mamba venom, inhibit 

homomeric rodent and human ASIC1a channels, homomeric rodent ASIC1b channels as well 

as other heteromeric ASIC1a-containing and ASIC1b-containing channels.  

In addition to regulating the activation of channels, the researchers also found that a class of 

peptides can bind on the acidic pocket in the extracellular domain to regulate ASICs' 
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desensitization without directly activating ASICs 41-44. These peptides have a common 

structural basis, the last amino acid at the C-terminus is phenylalanine, and the penultimate 

amino acid is arginine. The first discovered peptide was FMRF-NH2 (Phe-Met- Arg-Phe-NH2), 

called FMRFamide 41.  

1.1.3 Physiological and pathological functions of ASICs 

In the peripheral nervous system, ASICs play a role in pain and itch sensation 45,46. Tissue 

acidosis is a common feature of many nociception conditions, and protons are released by 

injured tissues and activates ASIC to induce pain sensation. The acid-induced currents on 

medium-sized dorsal root ganglion (DRG) neurons are the same as heteromers composed of 

ASIC1, ASIC2, and ASIC3, while medium and small DRG neurons are mainly responsible for 

nociceptive sensations 47. This finding suggests that ASICs may play an important role in 

nociceptive sensation 6,48. The expression of ASIC subunits in DRG increases under 

inflammatory conditions 49; expression of ASIC1a in the spinal cord increased in the 

inflammatory pain model induced by complete freund's adjuvant (CFA). In addition, some pro-

inflammatory modulators such as nerve growth factor (NGF) 50, serotonin (5-HT) 51, 

Interleukin-1 (IL-1) 51, Bradykinin (BK) 52, and brain-derived neurotrophic factor (BDNF) 53 

can also increase ASIC transcription. Some non-steroidal anti-inflammatory drugs (NSAIDs), 

such as flurbiprofen and ibuprofen can inhibit ASIC current and the increase of ASIC 

expression induced by inflammatory modulators under high concentration condition49,51,54,55. 

It was found that ASICs, especially ASIC3, play an important role in pain sensation 56-59, and 

ASIC3 is mainly expressed on peripheral sensory neurons. On the DRG and nodose ganglia, 

ASIC3 mainly forms heteromeric channels with other ASICs subtypes 6,60,61. ASIC3 is 

particularly sensitive to acid and can be activated to generate steady-state current at pH 7.0. 

Local acidification will occur during peripheral tissue damage, inflammation, ischemia, 

hematoma, and physical exercise, and the lowest pH that can be reached is 6.7 62. The tissue 

acidification leads to a decrease of pH, and it can activate ASIC3 and induce pain 63-65. In 

addition, administration of the ASIC3 agonist GMQ on wild-type (WT) mice can induce pain-
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related behaviors, while GMQ cannot induce pain on ASIC3 knockout (KO) mice 66. The 

endogenous agonist of ASIC3 agmatine, a bioactive metabolite of arginine, has the same 

binding site as GMQ on ASIC3, and agmatine can also induce pain-related behavior. More 

interesting is that agmatine can also have a synergistic effect with other inflammatory factors, 

thus that agmatine increases the acid-induced current and pain behavior dependent on ASIC3 

66. Correspondingly, pharmacologically blocking the ASIC3 channel with the selective inhibitor 

of ASIC3, APETx2, can reduce pain-related behavior 58,67. However, since APETx2 inhibits 

also several voltage-gated ion channels (NaV1.2, NaV1.8 and hERG) 68-70, the analgesic effect 

of APETx2 may be not only due to ASIC inhibition 71. 

Subcutaneous injection of acidic solution can induce long-term mechanical allodynia in WT 

mice, not in ASIC3 KO mice. ASIC3 expression are increased in inflamed tissues, and ASIC3 

may contribute to inflammation-induced mechanical allodynia and thermal hyperalgesia72. 

Although ASIC1a is also expressed on DRG neurons, there is no difference in 

mechanoreception and pain perception between WT and ASIC1a KO mice 73,74. 

In the splanchnic colonic and vagal gastro-oesophageal, knockout ASIC1a will increase the 

mechanical sensitivity 75. Knockout of ASIC2 increases the response to mechanical stimulation, 

while knocking out AISC3 will weaken sensitivity to mechanical stimuli 74-77. ASIC2 also plays 

a very important role in blood pressure sensation, and it was shown that ASIC2 KO mice 

exhibited hypertension symptoms 78. 

In the central nervous system, ASICs play an important role in synaptic transmission, learning 

and memory, pain, cell death after ischemic stroke, and fear conditioning 11,23,53,54,79-81.  

ASIC1a modulates the synaptic transmission. Knock out ASIC1a increased the miniature 

excitatory postsynaptic currents frequencies 82, impaired long-term depression and ong-term 

potentiation (LTP) 11,83, and potentiated neuromuscular transmission 82. Conditions such as high 

energy consumption, abnormal metabolism, inflammation, ischemic stroke, and excessive 

neuronal excitement can cause acidification of the central nervous system. The acidification of 

the central nervous system can activate ASICs to produce certain physiological functions 84-86. 
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ASIC1a is the most abundantly expressed subtype of ASICs in the central nervous system. In 

cultured cortical neurons of ASIC1a KO mice, the pH6.0-induced current almost completely 

disappears, which shows that the main ASIC subunit in the cortex is ASIC1a 7,80,87. 

In the central nervous system local acidification may also occur under normal physiological 

conditions. For example, in the synapses of the retinal ganglia, the release of neurotransmitters 

can reduce the synaptic cleft's pH and is sufficient to inhibit the opening of calcium channels 

in the presynaptic membrane. This indicates that the pH of synapses significantly decreases 

during the release of neurotransmitters 88,89. The pH value of synaptic vesicles is about 5.2-5.7. 

The protons will enter the synaptic cleft together with the release of synaptic vesicles, and it 

will cause local acidification of the synaptic cleft and activate ASICs expressed in postsynaptic 

membrane 90.  

In the brain, ASIC1a is most abundantly expressed in the amygdala. In ASIC1a KO mice, 

behaviors related to the amygdala, such as fear-conditioning, are significantly decreased 23,91,92. 

Overexpression of ASIC1a in the amygdala increased the current induced by acid and enhanced 

the response of conditioned fear 93. Meanwhile, the response of conditioned fear to cue and 

situational dependence in mice overexpressing ASIC1a increased, and the learning ability was 

slightly decreased 11,12,23,93. These findings indicate that ASIC1a plays an important role in fear 

learning and memory. In hippocampus brain slices of mice, the induced LTP was decreased in 

ASIC1a KO mice, and the acid-induced dendritic spines Ca2+ influx was also reduced. The 

number of dendritic spines in the hippocampus declined, and the release of vesicles increased 

in cultured hippocampus neurons of ASIC1a KO mice 7,94,95. ASIC1a KO mice showed 

abnormalities in hippocampus-dependent learning and memory, but the hippocampal-

dependent spatial learning ability was normal. 

ASIC1a also affects the death of neurons in the case of the neurological disease. An intense or 

prolonged acid treatment can induce neuronal death. Inhibiting ASIC1a can reduce acid-

induced neuronal death 80,81. In mouse stroke models, inhibition or knockout of ASIC1a reduced 

the area of cerebral infarction caused by ischemia 80,96-98. ASIC1a-mediated acid-induced 
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neurotoxicity is due to homomeric ASIC1a that has a small conduction for Ca2+. Therefore, 

extracellular Ca2+ can flow into the neuron when ASIC1a is activated leading to calcium 

overload and ultimately to neuron death 80,81,94. Some studies found that ASIC1a plays a role in 

multiple sclerosis, Huntington’s disease, Parkinson’s disease, and spinal cord injury98-101. 

In the central nervous system, ASIC1a also plays an important role in nociception. Intrathecal 

injection of the ASIC1a inhibitor PcTx-1 attenuated pain relative behaviors 54,102. Under the 

condition of inflammatory pain, the expression of ASIC1a on the cell surface will increase 54. 

BDNF can activate the Akt1 signaling pathway to promote the transfer of ASIC1a from the 

cytoplasm to the plasma membrane. With this the expression of ASIC1a on the cell membrane 

is up-regulated and inflammatory pain is enhanced 53,54,103. Several signaling pathways are 

known to participate in the regulation of ASIC trafficking and expression, such as protein kinase 

A (PKA) 104,105, protein kinase C (PKC) 106, the phosphoinositide 3-kinase-protein kinase B 

(PI3K-AKT), and extracellular signal-regulated kinase 1/2 (Erk1/2) 53.  

 

1.2 Hydrogen Sulfide (H2S) 

1.2.1 H2S biogenesis, clearance, donors and measurement 

For several hundred years, H2S has been known as a toxic colorless gas smelling of rotten eggs. 

The significant physiological and pathological functions of endogenously produced H2S were 

ignored. Recently, H2S emerged as the third gasotransmitter, beside the nitric oxide (NO) and 

carbon monoxide, that exerts sensory and metabolic control by interacting with different targets. 

Endogenous H2S is widely biosynthesized in the nervous system 107, cardiovascular system 108 

and endocrine system 109. H2S regulates ion channels, similarly to other gasotransmitters, 

through the modulation of specific cysteine residues (Cys) to form covalent persulfide (-SSH) 

bonds; this modification is termed protein S-sulfuration 110. 

Neurotransmitters are generally stored in vesicles; the intracellular pool is partially released 

upon activation. Gasotransmitters can’t be stored and must be quickly generated and released 

to nearby targets. Therefore, the biosynthetic enzymes which synthesize H2S must be closely 
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regulated and have high-performance synthesis ability. Endogenous H2S in mammals is the 

product of three pyridoxal-5’-phosphate (PLP)-dependent enzymes. H2S is directly produced 

by cystathionine-β-synthase (CBS, EC 4.2.1.22) and cystathionine-γ-lyase (CSE, EC 4.4.1.1) 

111-113, and indirectly by 3-mercaptopyruvate sulfur transferase (3MST, EC 2.8.1.2) 114,115. In 

mammals, the enzymes of H2S biosynthesis have a tissue-specific expression with CBS 

predominantly in the brain and CSE and 3MST in peripheral organs 116-118.  

Figure 2. Endogenous pathways involved in enzymatic biogenesis of H2S  

The transsulfuration pathway in mammalian consisting of three enzymes: produced directly by cystathionine-β-

synthase (CBS) and cystathionine-γ-lyase (CSE), and indirectly by 3-mercaptopyruvate sulfur transferase (3MST). 

CBS and CSE are predominantly located in the cytoplasm 119, and 3MST is in both the 

cytoplasm and mitochondria 120. CBS, CSE and 3MST generate H2S by a multitude of reactions 

and substrate combinations (Figure 2). The primary function of CSE in the biosynthesis of H2S 

is the conversion of L-cysteine to H2S, pyruvate, and ammonia (NH3). CSE also uses 

homocysteine as a substrate to generate H2S, α-ketobutyrate and homolanthionine; alternatively 

it uses cystathionine to generate Cys. CBS also uses Cys as a substrate to generate H2S and L-

serine, or it uses homocysteine and L-Ser as substrates to generate cystathionine. Cysteine 

aminotransferase (CAT)  catalyzes the generation of 3-mercaptopyruvate and glutamate out 
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of Cys and α-ketoglutarate. The enzyme 3MST transfers the sulfane sulfur to an acceptor and 

releases H2S in the presence of reductants 121. 

The most commonly used experimental H2S donors are NaHS and Na2S. As a gas, H2S is 

difficult to dissolve in aqueous solution and its concentration is difficult to control. But both 

NaHS and Na2S, as solid agents, are easy to dissolve in solution and hydrolyze to generate S2-, 

HS- and H2S. HS- is the main product and is the reaction component to forms –SSH 122. As a 

non-physiological agent, NaHS is toxic at high concentrations. H2S induced neuronal death 

through ionotropic glutamate receptors, which recruits apoptosis to ensure cellular demise and 

employs calpains and lysosomal rupture 123,124. Recently, a novel H2S donor, GYY4137 was 

developed to replace NaHS to apply to physiological experiments 125. The slow-release H2S 

donor GYY4137 can better reflects endogenous physiological release. GYY4137 

concentration-dependently decreased the spontaneous contraction of pregnant rat and human 

myometrium. It also reduced oxytocin-stimulated and high-K+ depolarized contraction 

significantly; these effects are similar as NaHS 126. Other H2S donors, such as AP67/AP72 

(slow-releasing), AP39 (mitochondria-targeted), Diallyl disulfide (organosulfur compound), 

ADT-OH (H2S-aspirin hybrid molecule), ZYZ-803 (H2S-NO hybrid molecule) and ZYZ-802 

(S-Propargyl-cysteine) were developed for disease treatment, such as hypertension, myocardial 

infarction, adrenergic overload and Hyperglycemia127. Until now, no H2S donors are available 

for clinical applications. Therefore, new agents, especially membrane-permeable compounds, 

that can release H2S, are still needed. 

As a potentially toxic gasotransmitter, H2S must be rapidly cleared after synthesis by CBS and 

CSE in vivo. An uncontrolled production of H2S would disturb normal physiological functions 

128. The main metabolic pathway of H2S is oxidation by sulfite oxidase (SOX) to thiosulfate 

(S2O3
2-), sulfite (SO3

2-) and sulfate (SO4
2-) 129 (Figure 3). In murine tissues, the catabolism of 

H2S occurs via a mitochondrial sulfide oxidation pathway. Firstly, H2S is oxidized by sulfide 

quinine oxidoreductase (SQR) to form protein-bond persulfide, while the electrons are 

transferred to ubiquinone, and then sulfur dioxygenase (ETHE1) oxidizes SQR-bond sulfane 

sulfur to sulfite 130. The clearance of H2S is rapid under aerobic conditions because the 
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degradation of H2S is coupled to electron transfer, and it is easy to transfer the electron to 

ubiquinone in the presence of oxygen. In mammals, H2S also binds to haem proteins, such as 

neuroglobin and cytochrome c oxidase, and these proteins may play a role of “buffer” to 

attenuate the damage done by H2S 108,131.  

Figure 3. H2S donor delivery to cells and their clearance 132 

H2S and HS− are generated when H2S donors (NaHS, Na2S, GYY4137, AP39 etc.) are dissolved in aqueous 

solutions. Intracellularly, H2S will react with various molecules (proteins, thiols, nitric oxide, reactive oxygen 

species) to create a mixture of biologically active species (polysulfides, persulfides, hybrid S/N compounds). H2S 

decomposition products (SO3
2-, SO4

2-, S2O3
-) are also produced via enzymatic and nonenzymatic processes.  

The measured concentration of total H2S is around 10-100 μM or higher in blood 133-135, but the 

accurate concentration of H2S, especially the free H2S, remains to be determined by improving 

the measurement method. The methylene blue method is the most common method to measure 

the concentration of total H2S based on the reaction of H2S with N,N-dimethyl-ρ-

phenylenediamine sulfate in aqueous solution 136. However, with the reaction of methylene blue 

it is difficult to distinguish the free H2S from acid-labile sulfide under acidic conditions; this 

property restricted the application of this method of H2S measurement 137,138. Sulfide-specific 

ion-selective electrodes (ISEs) were also developed to measure S2- in biological samples.  The 
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measurement requires strong alkaline solution (pH>11), so it has the same defect as the 

methylene blue method and can’t be applied to continuous or real-time measurement 139. The 

most common method to measure low concentration of H2S is the monobromobimane (mBBr) 

method, which is sensitive to nanomolar concentrations of H2S 140,141. The GC-FPD (gas 

chromatography with flame photometric detector) and IC (ion chromatography) are also 

sensitive to nanomolar concentrations of H2S, but these methods can’t be applied to real-time 

measurement 142,143. Sulfide-sensitive fluorescent dyes (SSFD) were developed to detect local 

H2S production, but these dyes show a delayed response time (>20 min) toward hydrogen 

sulfide 144,145. Recently, novel polarographic H2S sensor has been developed for monitoring and 

directly measure the concentration of H2S in real-time; the polarography sensor can detect 

micromoles concentration of H2S 146-148. 

1.2.2 Ion channel regulation by H2S 

The first report on ion channel regulation by H2S showed that injection of H2S gas-saturated 

solution into the rat vein decreased the blood pressure; this effect was antagonized by prior 

blockade of ATP-sensitive potassium channel (KATP) channels 149. In primary cultured rat 

mesenteric artery vascular smooth muscle cells (VSMCs), H2S interacts with Cys6 and Cys26 

residues of the extracellular N terminal of rvSUR1 subunit of KATP channel complex (EC50= 

116±8.3 µM) and hyperpolarizes the membrane, implying that H2S might be a co-activator 

candidate of KATP. In VSMCs, H2S can enhance the whole-cell KATP current and increase the 

single KATP channel's open probability. Inhibition of the endogenous H2S generation will 

decrease the KATP current. These results indicate that extracellular and intracellular H2S can 

activate the KATP channel; these effects on both sides of the plasma membrane might be 

attributed to the fact that H2S is membrane-permeable. With heterologously expressed rvKir6.1 

and rvSUR1 subunits of KATP channel in HEK293 cells, H2S could activate the co-expressed 

KATP channel but did not affect the KATP current generated by expression of rvKir6.1 alone. 

Selective point-mutations of cysteine residues of the extracellular loop of rvSUR1 (C6S and 

C26S) subunit led to a loss of the stimulatory effects of H2S on the rvKir6.1/rvSUR1 KATP 

current 150. This implies that the sites of the KATP channel that are modified by H2S are Cys6 
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and Cys26 in the rvSUR1 subunit.  

The large-conductance Ca2+- and voltage-activated K+ (BKCa) channels are activated by both 

elevated [Ca2+]i and membrane depolarization 151-153. H2S modifies BKCa channel activity by 

acting on sulfhydryl groups of the channel 154. In primary cultured mouse tracheal smooth 

muscle (TSM) cells, NaHS decreased the calcium-activated potassium outward current of single 

BKCa channels in a concentration-dependent manner (EC50=174µM) 155. NaHS induced 

voltage-dependently and calcium-independently a reversible decrease of channel open 

probability; this effect was blocked by pretreatment with DL-dithiothreitol (DTT) 156. H2S 

enhanced the sensory response to hypoxia in carotid body type І cells through inhibition of the 

TASK channels leading to membrane depolarization and voltage-gated Ca2+ entry 157. H2S also 

inhibited mitochondrial function via an action on TASK channels; cyanide inhibited TASK 

channels to a similar extent to H2S 157.  

The T-type Ca2+ channels are low voltage-activated calcium channels. Intracolonic 

administration of NaHS, evoked visceral pain-like nociceptive behavior and referred 

hyperalgesia in mice, an effect abolished by NNC 55-0396, a selective T-type Ca2+-channel 

blocker 158. NaHS also activated Erk1/2 in the spinal dorsal horn in the colitis rat model, and 

facilitated T-type Ca2+ channel-dependent membrane currents 159. H2S increased [Ca2+]i via 

both PKA and phospholipase C (PLC)/PKC pathways. Inhibition of PKA and PLC/PKC 

reversed the H2S-induced elevation of [Ca2+]i. In isolated cardiomyocytes, NaHS inhibit the 

peak amplitude of L-type calcium current (ICa,L) in a concentration-dependent manner, an effect 

that was reversed by pretreatment with DTT 160,161. 

Transient receptor potential (TRP) channels are polymodal cellular sensors involved in a wide 

variety of cellular processes. In HEK293 cells heterologously expressing the ankyrin-repeat 

TRP1 (TRPA1) channel, NaHS activated TRPA1 to induce calcium responses. This effect was 

inhibited by DTT pretreatment. Mutations of two cysteine residues (Cys422 and Cys622) 

located in the N-terminal internal domain of TRPA1 channel led to a loss of H2S-induced 

activation 162. In sensory neurons, H2S increases the intracellular [Ca2+]i in DRG neurons, this 
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effect was prevented by ruthenium red (a nonselective TRP channel blocker), HC-030031 (a 

TRPA1 blocker), or removal of extracellular Ca2+ 163,164. In sensory neurons from TRPV1-/- 

mice, the [Ca2+]i increase by H2S was conserved; it was however lost in neurons from TRPA1-

/- mice.  

The N-methyl-D-aspartate (NMDA) receptor is a member of the ionotropic glutamate receptor 

(iGluR) family that has high permeability to Ca2+ 165. In SH-SY5Y neuronal cells, NaHS 

increased [Ca2+]i in a concentration-dependent manner. This potentiation was reversed by 

EGTA (a chelating agent) and NMDA receptor blockers (MK-801, AP-5, and ifenprodil).  

Figure 4. Interaction of H2S with ion channels 166 

The stimulatory effects of H2S on KATP channels, T‐type Ca2+ channels, NaV1.5 channels, TRP channels and 

NMDA receptors and its inhibitory effect on Cl− channels and L‐type Ca2+ channels.  

1.2.3 Physiological and pathological roles of ion channel regulation by H2S 

H2S acts as a gasotransmitter to regulate various ion channels in the endocrine, respiratory, 

cardiovascular, muscle and nervous systems. 

In the endocrine system, endogenous H2S significantly affects insulin secretion by stimulation 

of KATP channels in vivo 167. An increase of the glucose concentration in the culture medium of 
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INS-1E cells (rat insulinoma cell line) significantly decreased the endogenous production of 

H2S, increase insulin secretion, and reduced the basal KATP channel current. Overexpression of 

CSE in INS-1E cells abolished the high glucose-stimulated insulin secretion. The insulin 

secretion changes were not ATP- or redox-dependent because H2S did not change intracellular 

ATP and glutathione (GSH) levels. In pancreatic β-cells, NaHS decreased the L-type Ca2+ 

current density in a concentration-dependent manner (IC50= 65.4 ± 5.6µM); this effect was 

inhibited by nifedipine (calcium channel blocker) 160. The pancreatic β-cells of CSE-KO mice 

had higher L-type Ca2+ current densities than those of WT mice, and the insulin secretion was 

also elevated in CSE-KO mice compared with WT mice. NaHS inhibited glucose-stimulated 

insulin secretion in a dose-dependent manner; this stimulation was reversed by nifedipine.  

In the respiratory system, H2S plays a critical role in carotid body chemoreceptors' response to 

hypoxia via modulating the BKCa channels. In the isolated mouse carotid body/sinus nerve 

preparations, NaHS excited the chemoreceptor afferent nerves in a concentration-dependent 

manner168-170. The NaHS-evoked excitation was abolished by removing extracellular Ca2+, 

application of Cd2+, and hexamethonium (a nicotinic (nAChR) receptor antagonist), suggesting 

that NaHS evokes the release of ATP/ACh from type I glomus cells in carotid body 119. The 

BKCa current was inhibited by hypoxia and the diminished of BKCa current via inhibit CBS lead 

mice to hyperventilate in response to hypoxia 119. Inhibition of the CBS, not CSE, can decrease 

the chemoreceptor afferent activation. 

CBS and CSE are also functionally expressed in vas deferens (VD), and H2S was shown to 

mediate VD smooth muscle relaxation 171. H2S relaxes the VD smooth muscle by targeting 

BKCa channels via a redox-mediated mechanism. The KATP channels are not involved in the 

NaHS-induced relaxant effect in VD smooth muscle, since pretreatment with glibenclamide (an 

KATP channel blocker) did not affect the response of VD to NaHS. However, inhibition of BKCa 

channels with iberiotoxin or tetraethylammonium was shown to reverse the relaxant effect 172. 

In guinea pig papillary muscles, NaHS decreased the maximal velocity of depolarization at 

phase 0, the overshoot, the amplitude of the action potential and the action potential duration in 

the normal papillary muscles in a concentration-dependent manner 173.  
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In the cardiovascular system, exogenous H2S can protect regional myocardial ischemia-

reperfusion (I/R) injury 174,175. The cardioprotection effect of exogenous and endogenous H2S 

is mediated by KATP channels. Pretreatment with NaHS decreased myocardial infarct size and 

improved heart contractile function in the isolated rat hearts; inhibition of the ERK1/2 or 

PI3K/Akt pathway significantly attenuated the cardioprotection 176. BKCa channel inhibition by 

hydrogen sulfide also contributes to I/R protective effects. Neutrophils play an essential role in 

I/R-induced mucosal mitochondrial dysfunction, and NaHS prevents postischemic 

mitochondrial dysfunction by a BKCa channel-dependent mechanism. Coincident treatment 

with BKCa channels blockers, paxilline and penitrem A, completely reversed the protective 

effect of NaHS or NS-1619 on postischemic mitochondrial function 177. 

In the peripheral nervous system, NaHS potentiates hyperalgesia through the effect on CaV3.2 

T-type Ca2+ and TRP channels 178. In rat, treatment with NaHS rapidly decreased the 

nociceptive threshold. This effect was prevented by co-administration of the T-type Ca2+ 

channel inhibitor mibefradil, and it was also suppressed by pretreatment with zinc chloride 

(ZnCl2), which preferentially inhibits Cav3.2 but not KATP channels or L-type Ca2+ channels. 

In the rat, knockdown the Cav3.2 was shown to attenuate the hyperalgesia induced by NaHS 

178. After spinal nerve injury, CaV3.2 channels were upregulated and sensitized by H2S in 

sensory neurons. It was shown that the upregulation of CaV3.2 expression was due to the 

activation of Erk1/2 by H2S 179. In cyclophosphamide-induced cystitis-related bladder pain in 

mice, endogenous H2S can activate CaV3.2 channels to induce bladder pain. The NaHS also 

prompts the activation of Erk1/2 in SDH bladder pain mice; this effect was inhibited by T-type 

Ca2+ channel blockers (Mibefradil and NNC 55–0396,) 180. In mice, the intraplantar 

administration of NaHS induced neuropathic pain. This effect was blocked by AP18 (reversible 

TRPA1 channel blocker) or silencing of TRPA1 channels in the sensory neurons 180. In the 

capsaicin-sensitive primary afferent neurons of rat isolated urinary bladder, NaHS induced 

contractile responses in a dose-dependent manner, which was blocked by TRPV1 antagonists. 

The non-selective blocker of TRP channels ruthenium red also blocked the contraction induced 

by NaHS or capsaicin 181. NaHS also prompted ERK phosphorylation in the spinal dorsal horn 
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through activation of TRPV1 179. 

In the central nervous system, H2S might act a novel inducer of neuronal differentiation, as 

characterized by neuritogenesis and expression of high-voltage-activated currents via activation 

of CaV3.2 channels 182,183. Pretreatment with BAPTA (a Ca2+ chelator) or selective CaV3.2 

channel inhibitors, but not the inhibitors of CaV3.1 or CaV3.3, fully reverse the neuritogenesis 

induced by NaHS, 182. H2S induced neuronal death through ionotropic glutamate receptors. The 

NaHS enhanced cell death in mature neuron was inhibited by the glutamate receptor antagonists 

MK801 and APV (NMDA receptor antagonists), and CNQX (kainate and AMPA receptor 

antagonist) 124. In immature non-glutamate receptor-expressing mouse cortical neurons, 

treatment with NaHS can inhibit cell death induced by high glutamate concentrations 184. H2S 

potentiates NMDA receptor-mediated current by enhancing the sensitivity to glutamate at low 

concentration in the hippocampus and facilitating LTP 185-188. 

Figure 5. physiological and pathological roles of H2S 189  

H2S is formed throughout the body and moderates signaling processes in various tissues, including 

neuromodulation, myocardial ischemia, pain sensation, inflammation, angiogenesis, diabetes, cellular apoptosis 

and tuberculosis.  

 

1.3 Circadian rhythm 

The circadian rhythm is the result of natural selection in the long-term evolution of organisms. 
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This circadian rhythm enables organisms to predict changes better and adjust their state to adapt 

to changes in the external environment. The body's various behaviors and physiological 

functions show obvious circadian rhythms, such as sleep/wake, feeding, and autonomous 

activities, such as blood pressure, coagulation-fibrinolysis balance, heart rate, body 

temperature, hormone levels, cell metabolism, cell proliferation, immune regulation etc. 190. 

The generation, maintenance and regulation of the circadian rhythm is constituted by three 

conceptual components, the intrinsic pacemaker, and the input and the output pathways 191. The 

circadian rhythm depends on the precise regulation of the endogenous clock gene network at 

the cellular level. Abnormalities of the clock gene network can lead to disturbances in the 

circadian rhythm 192,193. 

1.3.1 Physiological basis for the generation and maintenance of a circadian rhythm 

The physiological basis for the generation and maintenance of the circadian rhythm includes 

the input to and output from the central and peripheral circadian rhythm systems. The rhythm 

input system transmits environmental synchronization of light signals to the central circadian 

rhythm system. The central circadian rhythm system acts as the circadian rhythm master 

pacemaker, transmits the generated rhythm signals to the periphery through the output system, 

and communicates with the endogenous circadian of the peripheral organs 194-196. These systems 

work together to maintain physiological activities (Figure 6). The period length of the 

endogenous human circadian rhythm is not exactly 24 hours. Studies have found that the 

spontaneous human circadian rhythm is between 24-25 hours, and it is slightly different 

between different individuals 197,198. The main circadian rhythm pacemaker that regulates the 

circadian rhythm of mammals is located in the suprachiasmatic nucleus (SCN) of the 

hypothalamus, which contains approximately 20,000 neurons, with most of the cells showing 

self-sustained circadian oscillations 199.  

The SCN neurons express a variety of topologically specific neuropeptides. Vasoactive 

intestinal polypeptide (VIP) in the core region and arginine vasopressin (AVP) in the shell 

region are the two major neuropeptides that mediate the networking in the SCN200-202. To 
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maintain synchronization between the internal and external environments, external 

environmental stimuli, which are named zeitgeber, are required and the main zeitgeber is 

transmitted to the SCN through the retino-hypothalamic tract (RHT) 203. The SCN can output 

nerve and humoral signals to the brain and peripheral organs to synchronize its internal rhythm 

with the external rhythm 204. Each organ's circadian rhythm is not necessarily synchronized; 

organs and tissues may be in different rhythms but must coordinate to maintain the organism's 

internal homeostasis 205,206.  

Studies have found that the rhythmic oscillation signals generated by the neurons in the SCN 

are not completely synchronized; there is complex diversity in time and space, which may be 

related to the physiological and anatomical positions of the neurons 207-209. Moreover, there are 

some neurons in the SCN without obvious endogenous circadian rhythms. These neurons 

receive direct projections from retinal ganglion cells, and affect other neurons in the SCN. In 

addition to the SCN, the amygdala, hippocampus, olfactory bulb, and other brain nuclei also 

have a circadian rhythm, which plays an important regulatory role in maintaining the neural 

activity in their respective regions 210-213. The peripheral clock genes are expressed in the heart, 

kidney, liver, spleen and other organs 214,215. As the secondary pacemaker of the circadian 

rhythm system, these clock genes are directly or indirectly regulated by various nerves, 

humoral, and other signal factors under the central circadian rhythm's control.  

The SCN can be stimulated by light or non-light signal transduction, trigger the SCN rhythm 

oscillator and then output signals through neural or humoral pathways to control the circadian 

rhythm in the body. The output projection pathway of the SCN is mainly composed of the 

hypothalamus, thalamus and brainstem. A study using retrograde tracing showed that the 

dorsolateral area of the SCN is composed of sympathetic and parasympathetic nerves 216. The 

SCN output pathways are responsible for proper timing of diverse physiological functions, 

including hormone release, sleep-wake cycle, feeding behavior, and thermoregulation217. The 

SCN output to the subparaventricular zone (sPVz) is through the medial preoptic region (MPO) 

to control circadian rhythms of body temperature. Single synaptic projections of SCN are 

connected to the hypothalamic paraventricular nucleus (PVN). Part of the nerve fibers of the 
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PVN connect to the dorsomedial hypothalamus (DMH), and then the fibers emitted by DMH 

to control daily hormone secretion. The other output pathway is projected to the lateral 

hypothalamus (LH) and ventrolateral preoptic nucleus (VLPO) to control sleep-wake cycles. 

The output nerve fibers of SCN can also project to the arcuate nucleus, stria terminalis nucleus 

and amygdala 218. All of these brain nuclei also have the characteristics of circadian rhythm 

oscillations. However, in the absence of an SCN signal input, the synchronization of these cell 

oscillation rhythms is not maintained 215.  

Figure 6. Input and output pathways of SCN 217 

The SCN receives light signaling via the retinohypothalamic tract (RHT). The SCN output to the 

subparaventricular zone (sPVz) is relayed to the medial preoptic region (MPO) to control circadian rhythms of 

body temperature; and a separate projection through the dorsomedial nucleus of the hypothalamus (DMH) controls 

daily hormone secretion (via paraventricular nucleus, PVN) and sleep-wake cycles (via lateral hypothalamus, LH, 

and ventrolateral preoptic nucleus, VLPO).  

Clock genes regulate the generation and maintenance of circadian rhythm in the brain and 

peripheral organs. Studies found that the expression of about 10% of genes in cells has a 
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circadian rhythm 219. The periodic oscillation of the circadian rhythm relies on the precise 

regulation of the clock genes and the clock-controlled gene regulatory network, including the 

feedback inhibition oscillation at the transcription, translation, and post-translational 

modification level. 

The regulation mechanism of the circadian rhythm is conserved in the central and peripheral 

tissues of multicellular animals. The clock genes in mammals include Bmal1, Clock, Per1, 

Pert, Per3, Cry1, Cry2, etc. First, Bmal1 and Clock form a heterodimer, which binds to the E-

BOX element in the PER and CRY genes' promoter region to promote this transcription 220. As 

the negative feedback regulation, PER and CRY can form dimer. When PER/CRY dimer 

aggregate to a certain concentration in the cytoplasm, the dimer enters the nucleus to inhibits 

the transcriptional activity of the Bmal1/Clock dimer 221. This negative feedback inhibits the 

transcription of Per and Cry genes 221. In addition, the nuclear receptor REV-ERB can bind to 

the ROR element in the Bmal1 promoter region to inhibit Bmal1 transcription while the nuclear 

receptors ROR and PPAR can bind to the ROP and PPRE binding elements in the Bmal1 

promoter region to promote the transcription of Bmal1 222. 

1.3.2 Regulation of the circadian rhythm 

Light is the most critical zeitgeber of the circadian rhythm system, it acts on the central clock 

to cause the time phase to be delayed or advanced. Studies found that light is transmitted to 

SCN through RHT, which releases the neurotransmitter glutamate and activates glutamate 

receptors on SCN neurons leading to depolarization of the membrane potential and induction 

of Ca2+ influx. The intracellular Ca2+ increase will activate nitric oxide synthase (NOS) and 

promote NO synthesis 223. NO activates guanylate cyclase (GC), which increases the 

concentration of cyclic guanosine monophosphate (cGMP) in the cell, thereby activating 

cGMP-dependent protein kinase G (PKG). PKG promotes the phosphorylation of cAMP-

response element-binding protein (CREB), which binds to cAMP response elements in 

promoters, resulting in the transcription of clock genes such as Per1 and Per2.  

Changes of the light time (such as exposure to light at night) cause phase shifts based on the 
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ways by which the rhythmic pacemaker responds to light pulses. Exposure to light pulses in the 

early or late night can lead to delay or advancement of sleep phase, suggesting that light 

exposure before night delay the sleep cycle of animal224. This effect is related to the rapid 

activation of a large number of early light-induced genes in SCN by light exposure, such as 

early growth response protein-1, growth arrest and DNA damage-inducing protein β, poly 

ADP-Ribose polymerase 1 (PARP1) to regulates the clock gene expression 225,226. Moreover, 

some of early light-induced genes in SCN were also shown to reduce cell activity and prevent 

cell apoptosis, suggesting that organisms can reduce the sensitivity of the SCN to light exposure 

by changing the phase shift of the circadian rhythm227.  

Figure 7. Overview of the circadian rhythm system 228 

a, circadian rhythm system synchronizes clocks across the entire body to adapt and optimize physiology to changes 

in external environment. b, The mammalian molecular clock is composed of transcriptional and translational 

feedback loops.  

Food is the second most effective circadian rhythm signal in the environment, after light. This 

signal mainly affects the peripheral circadian rhythm and can reset the phase of various organs 
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and tissues. Restricted feeding (food is provided daily at a fixed time of day) induced food 

anticipatory activity before feeding time (such as increase in body temperature, corticosterone 

secretion), and induced the expression of clock genes (such as Perl, Per2) in peripheral organs 

(liver, kidney, heart, lung etc.) and brain nuclei (cerebral cortex, hippocampus and striatum). 

These effects are out of the control of the SCN and form a relatively independent peripheral 

clock rhythm caused by food signals 229,230. 

The circadian rhythm and energy balance system play a critical role in maintaining the normal 

operation of various functions of the organism. The disconnection between dietary habits and 

daily activity patterns will cause the separation of metabolic processes from SCN-based time 

signals, leading to energy metabolism and substrate consumption changes. The secretion of 

hormones related to energy metabolism such as cortisol, insulin, leptin, and ghrelin is closely 

related to the circadian rhythm 231. In addition to feeding schedule, the food type will also affect 

the daily rhythm. A study found that high-salt diet can impair the normal oscillation of circadian 

rhythm 232. A study showed that the sleep rhythm of the elderly is less affected by high-salt diet 

and that the mechanism may be related to the dopaminergic system 233. 

1.3.3 Circadian rhythm and body temperature 

The biological clock drives all circadian rhythms in mammals, body temperature is the most 

obvious rhythm in timing across individuals. The circadian rhythm of body temperature is a 

relatively complicated process and is affected by many factors. Central thermoregulatory 

neurons are mainly distributed in the preoptic area of the anterior hypothalamus (PO/AH). 

Temperature changes in peripheral organs and brain can be transmitted to the hypothalamus 

through temperature-sensitive neurons in this area, causing related changes in nervous system 

to maintain a relatively constant body temperature 234. The hypothalamus senses the 

temperature of blood flowing through it and controls the balancing of heat production and of 

heat loss.  

Heat production depends on the Hypothalamic-Pituitary-Thyroid axis (HPT axis, Figure 8): 

thyrotropin-releasing hormone (TRH) release from PVN stimulates the release of thyrotropin 
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(TSH) from the anterior pituitary, which in turn stimulates the synthesis and release of thyroid 

hormones (TH), 3,5,3′,5′-tetraiodothyronine (T4) and 3,5,3′-triiodothyronine (T3). T3 is the main 

biologically active form because of its greater affinity for thyroid hormone receptors 235. 

T3 increases fatty acid synthase (FAS) activity and promotes fatty acid synthesis in the 

ventromedial nucleus of the hypothalamus (VMH). 

Figure 8. Central and systemic regulation of thermogenesis 236 

Thermogenesis regulated by Hypothalamic-Pituitary-Thyroid axis (HPT axis). HPT axis regulates the release of 

thyroid hormones and norepinephrine, which promote thermogenesis in adipose tissue and skeletal muscle. 

The hypothalamic lipid synthesis increases the activity of the sympathetic nervous system 

(SNS) and stimulates brown adipose tissue (BAT) to promotes thermogenesis 

237,238. Norepinephrine (NE) activates β3-adrenergic receptor (AR) in BTA to 

promote UCP1 gene expression, stimulates 5′-deiodinase type 2 (D2) activity, which stimulates 

BAT lipolysis to promote thermogenesis 237,239. In the white adipose tissue (WAT), SNS signals 

promote norepinephrine release to activate β1- and β2-AR in WAT, which increases the 

lipolysis and thermogenesis 240. In the skeletal muscle, T3 promotes expression of T3-target gene 

such as myoD, myosin heavy chain and sarcoplasmic reticulum Ca2+-ATPase (SERCA) 241,242. 

In addition to HPT axis regulation by TH feedback, there is central modulation by nutritional 

signals, such as leptin. Leptin promotes the STAT3 phosphorylation to stimulate TRH 
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expression in PVN 243. Heat loss depends on the through of blood to skin capillaries, and 

cutaneous vasoconstriction mediated by the noradrenergic vasoconstrictor neurons of SNS 244. 

The HPT axis is also under the regulation of the circadian rhythm. SCN neurons project to PVN 

and regulate Trh expression, and SCN lesions disrupted the rhythm of TSH and TH 245,246. The 

concentration of TSH, total T3 and free T3 in blood exhibit a clear circadian rhythm in mammals 

247,248. Studies found that neurotransmitters, including 5-HT, acetylcholine and NE participate 

in the regulation of hypothalamic body temperature and circadian rhythm 249.  

The light has a significant effect on the circadian rhythm of body temperature. Diurnal animal 

body temperature increases at daytime, while nocturnal animals are opposite 250,251. In addition, 

if the animal's light-dark cycle is disturbed, advancing or delaying the light time of the normal 

light-dark cycle can make the animal's body temperature adapt a new circadian rhythm and 

gradually synchronize with the new light-dark cycle 252. These findings suggest that the change 

of the light-dark cycle can change the time phase, and the change of periodic light participates 

in the formation of the circadian rhythm of body temperature. 

When the ambient temperature was continuously lower or higher than the neutral temperature 

of environment, no effect on the circadian rhythm of body temperature was found 253. However, 

it is found that a cold environment can increase the amplitude of the body temperature rhythm 

oscillation, accompanied by a decrease in the median temperature amplitude 254. 

Feeding induces the body temperature to rise, and most animals are feeding at a fixed time each 

day. Experiments found that the circadian rhythmic changes in humans' and mammal’s body 

temperature are related to regular daily feeding 255. Appropriate restriction of feeding can induce 

a decrease of the metabolic rate and body temperature in many animals.  

Circadian changes in animal activities are similar to the circadian rhythm of body temperature. 

Diurnal animals increase activities in daytime and their body temperature also rises, while 

activities decrease at night time at which the body temperature is decreased 256. Nocturnal 

animals are just the opposite. Humans and rodents have a slow increase in body temperature 

before waking up. Once they wake up their body temperature rises rapidly 257,258. Since the 
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circadian rhythm of activity is very similar to that of the body temperature, the increase in body 

temperature seems to result from increased activity 259,260. Although activity can affect the 

amplitude of the circadian rhythm of body temperature, but the circadian rhythm of body 

temperature is not dependent on the activity 204,261. 

Generally, the basal body temperature of male mammals is lower than that of female. This is 

also the case in humans. The body temperature of men is lower than that of women 262. The 

main factor affecting female body temperature changes in mammals is the menstrual cycle. The 

body temperature rhythm amplitude was changed when female animals are in estrus 263. 

The SCN partly regulates body temperature rhythm, and damage of the SCN can result in 

complete loss of the circadian rhythm of body temperature 263. Under the conditions of the 

regular (12/12) light-dark cycle (LD), it was found that a few months after a complete SCN 

damage in rats, the circadian rhythm of body temperature gradually recovered and the body 

temperature rhythm became obvious over time 263. These findings suggest that the light-dark 

cycle can restore the circadian rhythm of body temperature, and that the SCN play as a relay 

station of light signals in this process. 

Animals usually choose environmental temperature that is exactly the opposite of the body 

temperature in that period of the circadian rhythm. Nocturnal animals have a high body 

temperature at night, but they choose a lower ambient temperature, and have a low body 

temperature during the day but choose a higher ambient temperature; the choice of diurnal 

animals is the opposite of that of nocturnal animals 264. 

1.3.4 Circadian rhythm and disease 

Since the circadian rhythm provides a time reference for the activities of multiple systems, it 

can be speculated that its abnormalities will cause changes in the physiological activities of 

other systems, such as changes in metabolism, endocrine, reproduction, cardiovascular, and 

immune systems.  

The circadian clock participates in the regulation of the sleep-wake system. Disorders of the 

sleep-wake system are common symptoms of neurodegenerative diseases. There is evidence 
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that the irregular sleep-wake rhythm disorder, long periods of wakefulness during the night, 

and sleep throughout the day, can accelerate the development of neurodegenerative diseases 

265,266. Such as the changes in the rhythm of clock genes Bmal1, Per1, Cry in Alzheimer's 

patients lead to a change in sleep-wake homeostasis, and are related to the decline and loss of 

learning and memory ability 267. Parkinson’s disease is another common neurodegenerative 

disease. Its neuropathological characteristics are the progressive loss of dopaminergic neurons 

in the substantia nigra compact area and the decrease of dopamine content in the striatum. 

Dopamine is an important factor in regulating the biological clock system, and the dopamine 

metabolism disorders are often accompanied by circadian clock disorders 268. 

The circadian clock regulates the body's metabolic processes, and clinical evidence shows that 

metabolic diseases such as metabolic syndrome, obesity, and diabetes are all related to circadian 

rhythm disorders 269,270. Many rate-limiting enzymes and nuclear receptors in the process of 

metabolic reactions are directly or indirectly regulated by clock genes, such as element involved 

in glycolysis, gluconeogenesis, bile acid synthesis and metabolism 271,272. Gene mutations 

animal models provide the most direct evidence of the clock gene function in metabolic 

diseases. The C57 homozygous mice with a mutation in the Clock gene exhibit a phenotype of 

hyperphagia, obesity and hyperlipidemia 273, and Per gene knockout mice are obese 274. Human 

genomic studies have found a certain relationship between Clock and Bmal1 gene 

polymorphisms and metabolic syndrome 275,276. 

Processes of the cardiovascular system function and cardiovascular disease pathogenesis such 

as blood pressure, heart rate, vascular endothelial function, and platelet aggregation have 

circadian rhythms. Regarding disease states, myocardial infarction, sudden cardiac death and 

cerebral thrombosis often occur in the early morning, while cerebral hemorrhagic stroke occurs 

in the afternoon 277,278. This suggests that cardiovascular physiological functions, 

cardiovascular diseases and circadian rhythm are closely related.  

Many human trial and animal experiments have found that circadian clock disorders are closely 

related to tumorigenesis 279,280. Due to the clock system's disorder among night shift workers or 
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flight attendants, the cancer rate is higher than that of ordinary people, especially the incidence 

of breast cancer in female flight attendants is significantly higher than that of ordinary people 

281. Compared with normal breast tissue, the expression of genes Per1 and Per2 decreased in 

female flight attendants 282. The use of drugs for chronotherapy at the right time can 

significantly improve the therapeutic effect, and reduce side effects 283.  
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2. Specific research aims of this thesis  

It is a well-known fact that ASICs play an important role in many physiological and 

pathological processes. However, the structure and regulation mechanism of ASICs in these 

processes is far from clear, and it is worth exploring. These expression, structures and functions 

and their related regulated pathways may be promising targets for many diseases. 

2.1 Regulation of ASICs by H2S 

The regulation of ASIC expression is still unclear, and only a few signaling pathways that 

regulate ASIC expression are known. The aim of this project was to determine whether H2S 

regulates the expression of ASICs and their function. To this end, I determined the H2S donors 

affect ASIC function and expression, and identified the signaling pathway involved. The 

understanding of the mechanism of ASIC regulation by H2S is very helpful for diseases such 

as ischemic stroke-induced neuronal death. Given the critical role of ASICs in physiological 

and pathological conditions, we hope to explore the mechanism of ASICs expression regulated 

by H2S. This study can provide new targets and ideas for the development of neuronal disease 

treatment. 

2.2 Circadian expression of ASIC1a in hypothalamus 

ASIC1a is highly expressed in the hypothalamus, but the physiological role of ASICs in this 

brain area is not fully understood. Thus, characterizing the circadian expression of ASIC is 

important for understanding their physiological and pathological functions. The aim of this 

project was to determine whether ASIC expression in hypothalamus has a circadian rhythm, 

whether and how ASIC expression affects the circadian behavior, and the mechanism. This 

project was done using in vivo and in vitro electrophysiological recording, biochemical assay, 

animal behavioral assay and RNA sequencing technique to study the circadian expression of 

ASIC1a in mouse hypothalamus. To determine the circadian expression of ASIC in the 

hypothalamus will improve our knowledge about the physiological function of ASICs. 
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3. Results 

3.1 Project 1: Regulation of ASICs by H2S 

Article: Hydrogen Sulfide Upregulates Acid-sensing Ion Channels via the MAPK-Erk1/2 

Signaling Pathway 

Authors: Zhong Peng, Stephan Kellenberger 

Abstract: Hydrogen sulfide (H2S) emerged recently as a new gasotransmitter and was shown 

to exert cellular effects by interacting with proteins, among them many ion channels. Acid-

sensing ion channels (ASICs) are neuronal voltage-insensitive Na+ channels activated by 

extracellular protons. ASICs are involved in many physiological and pathological processes, 

such as fear conditioning, pain sensation, and seizures. We characterize here the regulation of 

ASICs by H2S. In transfected mammalian cells, the H2S donor NaHS increased the acid-induced 

ASIC1a peak currents in a time- and concentration-dependent manner. Similarly, NaHS 

potentiated also the acid-induced currents of ASIC1b, ASIC2a, and ASIC3. An upregulation 

induced by the H2S donors NaHS and GYY4137 was also observed with the endogenous ASIC 

currents of cultured hypothalamus neurons. In parallel with the effect on function, the total and 

plasma membrane expression of ASIC1a was increased by GYY4137, as determined in cultured 

cortical neurons. H2S also enhanced the phosphorylation of the extracellular signal‐regulated 

kinase (pErk1/2), which belongs to the family of mitogen-activated protein kinases (MAPKs). 

Pharmacological blockade of the MAPK signaling pathway prevented the GYY4137-induced 

increase of ASIC function and expression, indicating that this pathway is required for ASIC 

regulation by H2S. Our study demonstrates that H2S regulates ASIC expression, and identifies 

the involved signaling mechanism. Since H2S shares several roles with ASICs, as for example 

facilitation of learning and memory, protection during seizure activity, and modulation of 

nociception, it may be possible that H2S exerts some of these effects via a regulation of ASIC 

function. 
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My contribution to this manuscript: 

I performed and analyzed all of the experiments, and contributed to the writing of the 

manuscript. 
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3.2 Project 2: Circadian expression of ASIC1a in hypothalamus 

Prepared manuscript for publication: Circadian expression of ASIC1a regulates TRH via 

the Akt-mTOR pathway in mouse hypothalamus and contributes to body temperature control   

Authors: Zhong Peng, Panos G. Ziros, Tomaz Martini, Urs Albrecht, Gerasimos P. Sykiotis, 

Stephan Kellenberger 

Abstract: The body temperature of mammals has a circadian rhythm, which is mainly regulated 

by the Hypothalamic-Pituitary-Thyroid (HPT) axis. Acid-sensing ion channels (ASICs) are 

neuronal voltage-insensitive Na+ channels activated by extracellular protons. ASICs are 

involved in many physiological and pathological processes, including fear conditioning, pain 

sensation and neurodegeneration. We characterize here the regulation of the body temperature 

by ASIC1a. We show that in WT mice under a normal light/dark cycle, the expression of 

ASIC1a in the hypothalamus has a circadian rhythm. Global deletion of ASIC1a changed the 

amplitude of the daily rhythm of body temperature. RNA sequencing indicated that the deletion 

of ASIC1a changed in the hypothalamus the expression of only nine functional genes at night, 

among them several components of the HPT axis, and of no functional genes during daytime. 

Activation of ASIC1a in cultured neurons upregulated the expression of thyrotropin-releasing 

hormone and Prolactin mRNA and activates the Akt-mTOR pathway. Our study demonstrates 

that ASIC1a regulates the expression of TRH to control body temperature, and it identifies the 

involved signaling mechanism. Since ASIC1a is abundantly expressed in the pituitary and 

hypothalamus, dysfunction of ASIC1a may be at the origin of other metabolic disorders. 
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My contribution to this manuscript: 

The experiments of body temperature relative hormone genes expression in pituitary were 

carried out by Panos G. Ziros, technician in Dr. Gerasimos P. Sykiotis’s laboratory, Lausanne 

University Hospital. The wheel-running behavior experiment was performed by Tomaz 

Martini, PhD student in Prof. Urs Albrecht’s laboratory, University of Fribourg. I made most 

of the RT-PCR experiments, all of the patch-clamp and Western Blot experiments. I analyzed 

a large amount of experiments, made all the figures and wrote a first draft of the manuscript. 
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ABSTRACT  

The body temperature of mammals has a circadian rhythm, which is mainly regulated by the 

Hypothalamic-Pituitary-Thyroid (HPT) axis. Acid-sensing ion channels (ASICs) are neuronal 

voltage-insensitive Na+ channels activated by extracellular protons. ASICs are involved in 

many physiological and pathological processes, including fear conditioning, pain sensation and 

neurodegeneration. We characterize here the regulation of the body temperature by ASIC1a. 

We show that in WT mice under a normal light/dark cycle, the expression of ASIC1a in the 

hypothalamus has a circadian rhythm. Global deletion of ASIC1a changed the amplitude of the 

daily rhythm of body temperature. RNA sequencing indicated that the deletion of ASIC1a 

changed in the hypothalamus the expression of only nine functional genes at night, among them 

several components of the HPT axis, and of no functional genes during daytime. Activation of 

ASIC1a in cultured neurons upregulated the expression of thyrotropin-releasing hormone and 

Prolactin mRNA and activates the Akt-mTOR pathway. Our study demonstrates that ASIC1a 

regulates the expression of TRH to control body temperature, and it identifies the involved 

signaling mechanism. Since ASIC1a is abundantly expressed in the pituitary and hypothalamus, 

dysfunction of ASIC1a may be at the origin of other metabolic disorders. 
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INTRODUCTION 

Acid-sensing ion channels (ASICs) are non-voltage-gatd Na+ channels of the nervous system 

that are activated by extracellular acidification (Waldmann et al., 1997; Wemmie et al., 2013). 

Four genes encode at least six ASIC subunits (ASIC1a, -1b, -2a, -2b, -3 and -4), which form 

homotrimeric or heterotrimeric channel complexes (Wemmie et al., 2013). ASICs are Na+-

selective (Yang and Palmer, 2014), and homomeric ASIC1a has in addition a small Ca2+ 

permeability (Bassler et al., 2001; Boillat et al., 2014; Waldmann et al., 1997). The activation 

of ASICs induces action potentials (APs) and leads to the excitation of neurons (Baron et al., 

2002; Deval et al., 2003; Vukicevic and Kellenberger, 2004). ASIC1a, -2a and -2b are widely 

expressed in the nervous system. Highest levels in the brain are found in the main olfactory 

bulb, cerebral cortex, hippocampus, cerebellum, basolateral amygdaloid nuclei and the 

hypothalamus (Kellenberger and Schild, 2015; Waldmann et al., 1997; Wemmie et al., 2013). 

ASIC1a is distributed throughout the central and peripheral nervous systems, participating in 

synaptic transmission and plasticity (Du et al., 2014; Wemmie et al., 2002; Wu et al., 2013). 

Dysfunction of ASIC1a is associated with the development of diverse neurological diseases, 

including epileptic seizures (Ziemann et al., 2008), neurodegeneration after ischemic stroke 

(Duan et al., 2011; Gao et al., 2005; Wang and Xu, 2011; Xiong et al., 2004), and 

neurodegenerative diseases (Friese et al., 2007; Vergo et al., 2011). ASIC3 is widely expressed 

in peripheral sensory neurons and to some extent in non-neuronal tissues. It is implicated in 

multimodal sensory perception (Li and Xu, 2011; Wemmie et al., 2013), including nociception 

(Chen et al., 2002; Deval et al., 2008; Sluka et al., 2003), mechanosensation (Price et al., 2001), 

and chemosensation (Birdsong et al., 2010; Sutherland et al., 2001).  

Activation of ASICs by extracellular acidification induces rapid channel opening, 

followed by desensitization. The Texas coral snake toxin Mit-Toxin-α/β (MitTx) induces a 

sustained activation of ASICs (Bohlen et al., 2011). Besides the excitation of neurons, ASICs 

also regulate intercellular signaling pathways. Activation of ASIC1a and the subsequent Ca2+ 

influx induces the activation (phosphorylation) of Ca2+/calmodulin-dependent protein kinase II 

(CaMKII) and extracellular signal-regulated protein kinases (ERKs) (Yu et al., 2018). Acid 

stimulation recruits the serine/threonine kinase receptor interaction protein 1 (RIP1) to the 

ASIC1a C-terminus, causing RIP1 phosphorylation and subsequent neuronal death, and this 

effect is independent of the ion-conducting function of ASIC1a (Wang et al., 2015). Activation 

of ASICs also regulates ROS generation and activation of the Akt/NF-κB associated signaling 

pathways leading to cell invasion and metastasis (Yang et al., 2019). 

Circadian rhythms are internal manifestations of the solar day that permit adaptations to 
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predictable environmental temporal changes (Walker et al., 2020). The circadian timing system 

comprises peripheral oscillators located in most tissues of the body and a central pacemaker 

located in the suprachiasmatic nucleus (SCN) of the hypothalamus (Hastings et al., 2018; Rana 

and Mahmood, 2010). Various behaviors and physiological processes are regulated by the 

circadian clock, including body temperature (Filipski et al., 2002; Van Cauter et al., 1993), 

hormone secretion (Czeisler and Klerman, 1999), energy metabolism (Yang et al., 2006), sleep-

wake cycles (Goichot et al., 1998) and blood pressure (Douma and Gumz, 2018). The circadian 

clock is constituted by three conceptual components, the intrinsic pacemaker, the input and the 

output pathways. The SCN acts as the circadian rhythm master pacemaker, transmits the 

generated rhythm signals to the periphery through the output system, and synchronizes the 

endogenous circadian rhythm of the peripheral organs (Astiz et al., 2019; Dibner et al., 2010; 

Schibler et al., 2003). Circadian rhythms are synchronized with the daily adjustments in the 

timing of the SCN, following the exposure to stimuli that signal the time of day; these stimuli 

are named zeitgebers (Zee et al., 2013). Light is the most important and potent zeitgeber for the 

SCN, and feeding cycles are the dominant zeitgeber for many peripheral clocks (Challet et al., 

2003; Damiola et al., 2000). In mammals, the hypothalamus senses the temperature of blood 

flowing through it and controls the balance of heat production and of heat loss. Heat production 

depends on the Hypothalamic-Pituitary-Thyroid axis (HPT axis), which is under the control of 

the SCN (Brown et al., 2002). Disruption of the circadian rhythm of body temperature has been 

observed in many diseases of the endocrine system (Bargi-Souza et al., 2019).  

Here, we found that the expression of ASIC1a has a circadian rhythm in the mouse 

hypothalamus, and that global deletion of ASIC1a changes amplitude of the circadian rhythm 

of body temperature. Activation of ASIC1a regulates the expression of thyrotropin-releasing 

hormone (TRH), by a mechanism that involves the Akt-mTOR pathway, to control the body 

temperature via the HPT axis. 

 

MATERIALS AND METHODS 

Ethical approval 

All animal handling procedures were done in accordance with institutional and Swiss guidelines 

and approved by the authorities of the Canton of Vaud. All animal experiments respected the 

Swiss Animal Welfare legislation and were reviewed by the Veterinary service of the Canton 

de Vaud (SR 455 Animal Welfare Act; Project License N° 1750.4 licensed to Dr. Stephan 

Kellenberger). 

All animal experiments were conducted in accordance with the regulations of the Norwegian 
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State Commission for Laboratory Animals and the Swiss Animal Protection Act, which are 

consistent with the European Convention for the Protection of Vertebrate Animals used for 

Experimental and Other Scientific Purposes and Council of Europe (ETS 123), and with 

approval from the AAALAC International accredited Animal Care and Use Program at 

University of Bergen and the Cantonal Veterinary Office of Canton de Vaud, Switzerland. 

 

Analysis of wheel-running activity 

WT and ASIC1a-/- male mice were generated by breeding of heterozygous mice whose genetic 

background was C57BL/6. ASIC1a-/- mice (Wemmie et al., 2002) were provided by Dr. John 

Wemmie, University of Iowa. At 2–3 months of age, the mice were housed in cages with 

unlimited access to a running wheel (Actimetrics, Wilmette, IL, USA) and entrained to a 12 h 

light (∼ 200 lux), 12 h dark (LD 12:12) cycle in a light-proof ventilated cabinet for 10 days 

prior to the start of experiments. Their running activity under the LD 12:12 cycle was recorded 

over the next 7 days.  Running-wheel activity was continuously recorded for each animal by 

using a digital system that registers wheel revolutions and stored at 5-min intervals for further 

analysis. Animals were then transferred in constant darkness (DD) and recordings under free-

running conditions were used to define the internal period length, the circadian daily overall 

activity and the percentage of activity during subjective day.  

The phase-response curve for light-induced phase shifts was defined for WT and ASIC1a-/- 

mice, using an Aschoff type 2 procedure. Briefly, mice were entrained to a LD 12:12 cycle for 

2 weeks before release in DD. On the first night after the end of LD or on the first subjective 

day in DD, a light pulse of 30 minutes was administered at zeitgeber time (ZT) 14 or 22 (ZT 0 

is the beginning of subjective day and ZT12 is the beginning of the subjective night under DD) 

and the animal was then kept in DD for 10 days. Phase shifts are the difference, on the first day 

after the pulse, between regression lines fitted through activity onsets before and after the pulse. 

All data were analyzed using the Clocklab program (Actimetrics, Wilmette, IL, USA). 

Chi2 periodogram analysis was used for measurement of the free-running period.  

 

Telemetry device implantation 

Telemetry device implantation was performed in the Cardiovascular Assessment Facility 

(Centre Hospitalier Universitaire Vaudois) on 12 mice per group. Electrodes (HD-S02, Data 

Sciences International) were placed in the heart axis of the anesthetized mice. About 20 minutes 

before anesthesia, buprenorphine chlorhydrate (0.1 mg/kg) was injected as analgesia. The 

mouse was anesthetized by isoflurane inhalation and placed on a warming pad (37-38°C) for 
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maintenance of body temperature and maintained under anesthesia via a nose cone (1.5-2% in 

O2, 1L/min). Ocular gel was applied to hydrate the cornea during the surgical procedure. The 

skin of the mouse was shaved and disinfected with hydro-alcoholic solution at the level of the 

abdomen. A small incision was made in the skin and the peritoneal wall just large enough to 

allow the transmitter to enter the cavity. The flexible leads were tunneled under the skin towards 

the right pectoral muscle and the last ribs at about 1cm of the xiphoid appendix. The peritoneal 

and skin incisions were then sutured and disinfected. The supply of anesthetic gas was stopped 

and the animal was returned to its cage placed on a heating surface for complete wake. After 

surgery, mice received ibuprofen 20mg/mL in tap water for 4 days. After 10 days of recovery 

from surgery, the body temperature and the activity of the mice was measured in the cage in 

animal facility. The sensor contained a three-axis accelerometer used by the Ponemah software 

(Data Science International) to report activity measurements. The body temperature and activity 

were measured in 3 groups of mice (3-4 mice/group) per genotype for 4 days. Average values 

of the daily cycle were then calculated from the 4-day period.   

 

Mouse neuron cultures 

36 pregnant mice and 216 mouse embryos were used in these experiments to obtain cells for 

hippocampus, hypothalamus and cortical neuron culture; 40 postnatal day 2 mice were used in 

these experiments to obtain cells for suprachiasmatic nucleus (SCN) culture. Mice used in the 

experiments were kept in the departmental animal house and maintained on a 12 h light/dark 

cycle (7:00-19:00 light on, GMT+1). with food and water ad libitum. Hippocampus, 

hypothalamus and cortical neuron culture was performed as previously described (Alijevic et 

al., 2020a). Briefly, day 14-15 pregnant mice were sacrificed by exposure to CO2, the embryos 

were killed, and the cortex and hypothalamus of the E14-15 embryos were dissected in ice-cold 

HBSS medium (ThermoFisher). The SCN neuron culture was performed as previously 

described (Ren and Miller, 2003). Briefly, postnatal day 2 mice were decapitated. Rapidly, the 

eyes were removed, the skull opened, and the optic nerve between the olfactory bulbs and the 

hemispheres was cut. The brain was placed into a dish filled with ice-cold HBSS, thicker 

sections (about 400μm) of the brain were cut off to allow isolation of the desired SCN section.  

Brain tissues were chopped into small pieces (~1 mm) and incubated at 37°C for 18 min in 

0.05% Trypsin-EDTA (ThermoFisher), then washed three times in Neurobasal medium 

(ThermoFisher) containing 10 % FBS, and dissociated into single cells. After a 5-min 

centrifugation at 1000 rpm, neurons were re-suspended in Neurobasal/FBS medium. For 

hypothalamus neuron, neurons were seeded at 50’000 cells /dish on 35-mm Petri dishes (for 
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qRT-PCR assay) or containing five 10-mm diameter glass coverslips that were all previously 

coated with poly-L-lysine (functional analysis). For Western blot analysis, cortex neurons were 

seeded at 150’000 cells /dish on 35-mm Petri dishes previously coated with poly-L-lysine. The 

medium was replaced after 12h by Neurobasal Medium Electro (ThermoFisher) containing the 

B27 serum-free supplement, the GlutaMAX supplement (ThermoFisher) and Gentamicin (10 

µg/ml final concentration, ThermoFisher). Neuronal cultures were maintained at 37°C in a 

humidified atmosphere of 5% (v/v) CO2 in air, and every 2-3 days, half of the medium was 

replaced with fresh plating medium. Patch-clamp and biochemical assay experiments of 

neurons were carried out after at least 12 days after seeding.  

 

Cultured neuron electrophysiological recording 

Electrophysiological recordings were done using the whole-cell patch-clamp technique in 

voltage- and current-clamp mode with an EPC10 patch-clamp amplifier (HEKA Elektronik-

Harvard Bioscience) as previously described (Alijevic et al., 2020a). Solution change were 

carried out using computer-controlled electrovalves (cF-8VS) and the MPRE8 perfusion head 

(Cell MicroControls, Norfolk, VA). Data were acquired with Patchmaster software and analysis 

of the currents was carried out with Fitmaster (HEKA Elektronik-Harvard Bioscience). The 

sampling interval and the low-pass filtering were set to 50 µs and to 3 kHz, respectively.  

The pipette solution contained, in mM, 120 KCl, 30 NaCl, 10 HEPES, 5 EGTA, 2 MgATP, 1 

MgCl2 and 0.5 CaCl2, adjusted to pH7.2 with Tris-base. The osmolarity of the pipette solution 

was 280–300 mOsm (Advanced Instrument Osmometer, Norwood, MA, USA). The 

extracellular Tyrode solution contained, in mM, 140 NaCl, 5 KCl, 10 glucose, 2 CaCl2, and 1 

MgCl2, buffered to various pH values with either 10 mM HEPES (pH > 6.0) or 10 mM 2-(N-

morpholino)-ethanesulfonic acid (MES; pH6.0). The osmolarity of the extracellular solution 

was 310–320 mOsm. The pH of the solutions was controlled on the day of the experiment and 

adjusted if necessary. All recordings were performed at room temperature (23 ± 2 °C). 

 

Brain slice preparation and recording of spontaneous firing 

9–10-week-old mice were deeply anesthetized at ZT1 or ZT13 with isoflurane. The mice were 

killed by decapitation, and the eyes were rapidly removed. The mouse brain was quickly 

removed and immediately placed in well-oxygenated (95% O2/5% CO2, v/v) ice-cold sucrose-

based dissection solution containing (in mM): 110 sucrose, 60 NaCl, 3 KCl, 1.25 NaH2PO4, 28 

NaHCO3, 7 MgCl2, 0.5 CaCl2, 5 D-glucose. pH was adjusted to 7.4 using either NaOH or HCl. 

Three coronal hypothalamus slices (250 μm thick) containing the paraventricular nucleus (PVH) 
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were obtained using a 7000smz-2 Vibrotome (Campden Instruments). Brain slices were 

incubated at room temperature in oxygenated aCSF containing (in mM): 120 NaCl, 2.5 KCl, 1 

NaH2PO4, 26.2 NaHCO3, 1.3 MgCl2, 2.5 CaCl2, 11 D-glucose. pH was adjusted to 7.4 using 

either NaOH or HCl. Brain slices were incubated in oxygenated aCSF at room temperature for 

a least 1 h before being transferred to a recording chamber. The slices were bathed in 

oxygenated ACSF (32°C–34°C) at a flow rate of approximately 2 ml/min. The placement of 

brain slices was observed using an infrared–differential interference contrast video monitor. 

Loose patch-clamp recordings were obtained using borosilicate glass micropipettes (2–3 MΩ) 

containing aCSF as the pipette solution.  

Seals were obtained with gentle or no suction to produce a loose patch seal with a resistance 

was 10–30 MΩ. Extracellular currents from spontaneous APs were recorded in voltage clamp 

mode at 0mV holding potential. Recordings lasted from 3min for cells firing regularly at high 

frequency up to 5min for cells that were silent or firing at low frequency. Currents were 

amplified using an Axon 200B amplifier and digitized at 250 kHz using a Digidata 1440A 

interface (Molecular Devices). Signals were filtered at 5 kHz and analyzed offline with 

pCLAMP programs (Axon Instruments). 

 

Protein extraction and biochemical assay 

374 mice were used in these experiments to collect the organs. Mice were sacrificed by cervical 

dislocation immediately before removal of the organs.  Mouse tissues were lysed in cold RIPA 

buffer (20 mM Tris-HCl, 150 mM NaCl, 2 mM EDTA, 1% NP-40 (v/v), 1% sodium 

deoxycholate (w/v), pH7.5), containing 1:100 diluted protease and phosphatase inhibitor 

cocktail (Sigma Aldrich), with shaking for 20 minutes on ice. The mixture was then centrifuged 

at ∼14,000 × g for 15 minutes at 4 °C, the supernatant was collected and the protein 

concentration was measured using the BCA Protein Assay Kit (23227, ThermoFisher), all 

samples were diluted to 1mg protein/mL. The samples in 1X sample loading buffer (0.3M 

Sucrose, 2% SDS, 2.5mM EDTA, 60mM Tris pH8.8, 0.05% (w/v) bromophenol blue, 25mM 

DTT) were heated at 95 °C for 10 min. 

Western Blot analysis was carried out as previously described (Vaithia et al., 2019). Briefly, 

10µl protein samples were separated on 10% SDS-PAGE gels at 100V, then transferred to 

0.2µM nitrocellulose membranes (Amersham Biosciences) at 4°C, 100V for 2 h. After the 

transfer, the blot was blocked with 5% milk (in TBST buffer, Tris-buffered saline with 0.1% 

Tween 20 solution) for 1 h at room temperature, followed by 2% BSA in TBST buffer at room 

temperature. The blot was incubated at 4°C overnight with the primary antibodies, followed, 
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after washing, by the HRP-labeled secondary antibody for 2 h at room temperature. The signals 

were detected using the Fusion SOLO chemiluminescence system (Vilber Lourmat, Marne-la-

Vallée, France) using SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo 

Scientific). The following antibodies were used: anti-ASIC1 (1:1000, rabbit, kindly provided 

by Dr. John Wemmie) (Wemmie et al., 2002), Anti-Actin (1:1000, rabbit; A2066, Sigma 

Aldrich) (Di Yorio et al., 2008), anti-Bmal1 (1:1000, rabbit) (Langmesser et al., 2008), anti-

Akt (1:1000, rabbit; H-136, Santa Cruz) (Hu et al., 2012), anti-p-Akt (Ser473; 1:1000, mouse; 

4051, Cell Signaling) (Yang et al., 2017), anti-mTOR (1:1000, rabbit; 2972, Cell Signaling) 

(Muta et al., 2015), anti-p-mTOR (Ser2448; 1:1000, rabbit; 5536, Cell Signaling) (Bravo-San 

Pedro et al., 2019), Goat anti-rabbit IgG (1:2000; B7401, Sigma). Donkey anti-rabbit IgG 

(1:2000; NA934VS, GE healthcare). Quantification was done using the ImageJ program. β-

actin was used as the protein control, to which the signals were normalized. 

 

RNA extraction and gene expression assay 

Mouse tissues were lysed, and RNA was isolated according to the manufacturer's instructions 

from the RNAqueous™ Total RNA Isolation Kit (AM1931, ThermoFisher) and stored at -80°C. 

Briefly, tissues were lysed in lysis solution and were then neutralized, and samples were loaded 

onto a silica filter for RNA binding on the filter. Samples were then washed thoroughly and 

eluted by DEPC-treated water. RNA was quantified by spectrophotometry and the purity was 

assessed by the absorbance ratios of 260:280 and 260:230 nm. A ratio of 260:280≥1.8 and 

260:230=1.9-2.2 was considered acceptable for quantitative real-time polymerase chain 

reaction (qRT-PCR). cDNA was synthesized using the PrimeScript™ RT Master Mix (RR036A, 

TaKaRa) kit. Real-time PCR analyses were carried out with triplicates of each sample cDNA 

on QuantStudio 12K Real-Time PCR System (Applied Biosystems, Inc.) with a SYBR Green 

Master Mix (4309155, ThermoFisher) under the following conditions: 3 min at 95°C, followed 

by 40 cycles of 10 s at 95°C and 25 s at 60°C. The primers used are shown in Supplemental 

Table 1. Gene-specific amplification was confirmed by melt curve analysis. Expression levels 

were calculated relative to GAPDH (brain tissue), Ppia (Peptidylprolyl isomerase A, pituitary) 

or HPRT (Hypoxanthine Guanine Phosphoribosyltransferase, thyroid gland) based on the 

efficiency−ΔCt method.  

Supplemental Table 1. Real-time PCR primers.  

Gene Forward primer Reverse primer 

Fshb AGGGAGGAAAGGAAAGTGGA AGCCAGCTTCATCAGCATTT 
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Gh ACGCGCTGCTCAAAAACTAT GCTAGAAGGCACAGCTGCTT 

Gpx2 GTGCTGATTGAGAATGTGGC AGGATGCTCGTTCTGCCCA 

Prl CTCAGGCCATCTTGGAGAAG TCGGAGAGAAGTCTGGCAGT 

Tshb TCAACACCACCATCTGTGCT TTGCCACACTTGCAGCTTAC 

ASIC1a CCTGCTCAACAACAGGTATG CTCGTCCTGACTGTGGATCT  

mGAPDH AACGGGAAGCCCATCACC CATACTCAGCACCGGCCTCA 

mBMAL1 TGACCCTCATGGAAGGTTAGAA GGACATTGCATTGCATGTTGG 

Ppia AGCACTGGGGAGAAAGGATT CATGCCTTCTTTCACCTTCC 

Trh TCCTGGATCACAAAACGCCA CTTGTCTTGGTTGGCACGTC 

Cers5 GACTGCTTCCAAAGCCTTGAG GCAGTTGGCACCATTGCTAG 

Sgk1 GGG TGC CAA GGA TGA CTT TA CTC GGT AAA CTC GGG ATC AA 

Ddit4 CAAGGCAAGAGCTGCCATAG CCGGTACTTAGCGTCAGGG 

Btg2 CCCCCCGGTGGCTGCCTCCTAT

G 

GGGTCGGGTGGCTCCTATCTA 

Nr4a1 TCTGGTCCTCATCACTGATCGA AATGCGATTCTGCAGCTCTTC 

Nr4a3 CAGTGTCGGGATGGTTAAGGAA CAGACGACCTCTCCTCCCTTT 

Arl4d GCCTCGAGGGCTGAAGACACCC

CAGCTT 

CTGAATTCGCCTTGCTGATCCGG

TGTAA 

Egr1 GAACAACCCTATGAGCACCTGA

C 

CGAGTCGTTTGGCTGGGATA 

Egr2 TCAATGTCACTGCCGCTGAT AGAAATGATCTCTGCAACCAGA

A 

Egr3 GATCCACCTCAAGCAAAAGG CGGTGTGAAAGGGTGGAAAT 

HPRT CAGTCCCAGCGTCGTGATTA TGGCCTCCCATCTCCTTCAT 

TrhR CTTCTTAAACCCCATTCCTT TTCCTGGAAGATACAGTGCT 

c-fos CGAAGGGAACGGAATAAGATG GCTGCCAAAATAAACTCCAG 

Fosb ACAGATCGACTTCAGGCGGA GTTTGTGGGCCACCAGGAC 

Junb ATCCTGCTGGGAGCGGGGAACT

GAGGGAAG 

AGAGTCGTCGTGATAGAAAGGC 

Mtor ATT CAA TCC ATA GCC CCG TC TGC ATC ACT CGT TCA TCC TG 

Pomc  CATAGATGTGTGGAGCTGGTG CATCTCCGTTGCCAGGAAACAC 

TshR ATCGCGGATCCGAAGTAGCCCA

GAGGGTCCCTTGG 

GATCAGAATTCCAAGGCTGTTT

GCTTATACTCTTC 
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RNA sequencing 

Genomic RNA was extracted from hypothalamus tissue samples using the Purelink RNA 

minikit (12183018A; Invitrogen, ThermoFisher Scientific) following a standard protocol. RNA 

was quantified by measuring the absorbance at 260 nm (A260) with a NanoDrop 8000 

spectrophotometer (ThermoFisher). Purity was assessed by the absorbance ratios of 260:280 

and 260:230 nm (260:280≥1.8 and 260:230=1.9-2.2). RNA quantity was analyzed with the 

Agilent 5200 Fragment Analyzer System (Agilent Technologies, Inc), using RNA quality 

number (RQN) as a quality indicator; RQN≥8 was considered acceptable for the RNA 

sequencing. Reverse transcribed RNA was used for sequencing performed at the Lausanne 

Genomic Technologies Facility (GTF, University of Lausanne).  The sequencing library 

preparation was performed using using the Nextera DNA Library Preparation Kit (Illumina, 

San Diego, CA, USA) for 100-bp paired-end sequencing runs on Illumina HiSeq 2500, aiming 

for a 100-fold coverage.  

Purity-filtered reads were adapted and quality trimmed with Cutadapt (v. 1.8, Martin 2011). 

Reads matching to ribosomal RNA sequences were removed with fastq_screen (v. 0.11.1). 

Remaining reads were further filtered for low complexity with reaper (v. 15-065, Davis et al. 

2013). Reads were aligned against Mus musculus.GRCm38.102 genome using STAR (v. 2.5.3a, 

Dobin et al. 2013). The number of read counts per gene locus was summarized with htseq-count 

(v. 0.9.1, Anders et al. 2014) using Mus musculus.GRCm38.102 gene annotation. Quality of 

the RNA-seq data alignment was assessed using RSeQC (v. 2.3.7, Wang et al. 2012). Reads 

were also aligned to the Mus musculus.GRCm38.102 transcriptome using STAR (v. 2.5.3a, 

Dobin et al. 2013) and the estimation of the isoforms abundance was computed using RSEM 

(v. 1.2.31, Li and Dewey 2011).  

Statistical analysis was performed for genes in R (R version 4.0.2). Genes with low counts were 

filtered out according to the rule of 1 count per million (cpm) in at least 1 sample. Library sizes 

were scaled using TMM normalization and log-transformed into counts per million or CPM 

(EdgeR package version 3.32.1; Robinson et al. 2010). 

 

Reagents 

All drugs were purchased from Sigma-Aldrich (Buchs, Switzerland) unless otherwise 

mentioned. 
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Data Analysis and statistics 

Results are expressed as the mean ± S.E.M. Statistical comparisons were performed using 

Student's t-test for comparison between two groups or for paired comparisons, and one-way 

ANOVA followed by Dunnett’s post-hoc test when more than two groups were involved. 

Statistical tests were carried out with Graphpad Prism8 (GraphPad, San Diego).  

 

RESULTS 

ASIC1a regulates the body temperature via the Hypothalamus-pituitary-thyroid axis 

The body temperature in mammals exhibits a circadian rhythm and is higher in the active phase 

than in the inactive phase. This rhythm depends on the central pacemaker in the SCN. We 

implanted a body temperature sensor into the abdominal cavity of WT and ASIC1a-/- mice, and 

the core body temperature and spontaneous activities were monitored continuously under 12 h 

light/dark cycle (LD) conditions.  Both WT and ASIC1a-/- mice showed circadian rhythms in 

the body temperature (Figure 1A). Interestingly, the body temperature was significantly higher 

in WT mice during the dark period, at zeitgeber time (ZT)17 and ZT18. The percentage of 

activity was however not significantly different between WT and ASIC1a-/- mice (Figure 1B). 

These results suggested that ASIC1a may regulate the circadian rhythm of body temperature 

that depends on endocrine regulation. 

The pituitary gland regulates various body functions and plays an important role in controlling 

hormone levels in the body. It secretes a number of hormones that control the balance of energy 

and body temperature. Three months old male WT and ASIC1a-/- mice were sacrificed at ZT1 

(light) or ZT13 (dark), and pituitary RNA was used for qRT-PCR analysis. mRNA levels of 

body temperature-related hormones, the genes thyroid-stimulating hormone beta subunit (Tshb), 

growth hormone (GH), glutathione peroxidase 2 (GPX2), follicle-stimulating hormone beta 

subunit (Fshb), prolactin (Prl) and pro-opiomelanocortin (Pomc) were tested (Figure 1C). 

Expression of Tshb significantly increased at ZT13 in the pituitary of WT but not ASIC1a-/- 

mice and was significantly higher in WT than in ASIC1a-/- at ZT13. The expression of Prl was 

significantly decreased at ZT13 in the pituitary of WT but not ASIC1a-/- mice; Prl levels were 

not different between WT and ASIC1a-/- at ZT13 and at ZT1. Thyroid stimulating hormone 

synthesis and secretion is controlled by the thyrotropin-releasing hormone (TRH) released from 

the  hypothalamus (Harris et al., 1978). From the mice of which the expression levels in the 

pituitary had been determined, the mRNA expression level of Trh was also assayed with qRT-

PCR in the hypothalamus. Expression of Trh was significantly increased at ZT13 in the 

hypothalamus of WT but not ASIC1a-/- mice, and was significantly higher in WT than in 
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ASIC1a-/- mice at ZT13 (Figure 1D). TRH is secreted from the hypothalamus and activates the 

thyrotropin-releasing hormone receptor (TRHR) in the pituitary to stimulate synthesis of TSH. 

The mRNA expression level of the  TRHR can also affect the synthesis of TSH (Aninye et al., 

2014). The expression of TrhR was significantly decreased at ZT13 in the pituitary of ASIC1a-

/- but not WT mice, but no difference was observed between WT and ASIC1a-/- at ZT13 (Figure 

1E). In the HPT axis, TSH activates the thyroid-stimulating hormone receptor (TSHR), which 

acts at the thyroid to stimulate all steps of TH biosynthesis and secretion (Aghajanova et al., 

2011). Expression of TshR was significantly decreased at ZT13 in the thyroid gland of WT but 

not ASIC1a-/- mice, and was significantly higher in WT than in ASIC1a-/- at both time points 

(Figure 1F). These results suggest that the lower body temperature of ASIC1a-/- mice relative 

to WT at ZT17 and ZT18 may due to the downregulation of body temperature-related hormone 

expression of the HPT axis.  

TRH is secreted from the hypothalamus to initiate the activation of the HPT axis. Although 

TRH  can be found throughout the brain, the neurons involved in regulating thyroid function 

reside almost exclusively within the paraventricular nucleus of the hypothalamus (PVH) (Koller 

et al., 1987). In the PVH, the neurosecretory neurons are concentrated in the medial 

parvocellular division (mpd) of the PVH (Luther et al., 2002). Rhythmic activity of the 

hypothalamus is controlled by the SCN, and SCN neurons show a synchronous daily rhythm in 

spontaneous firing rate (SFR)  in hypothalamic slices (Meredith et al., 2006). Acute coronal 

hypothalamus slices were prepared from the brains of WT and ASIC1a-/- mice. Single-unit 

activity was recorded in the mpd with the loose patch technique to measure the SFR of 

neurosecretory neurons during day- and nighttime (Figure 1G, H), suggesting higher activity 

at night in both groups. No significant differences were seen between mice from the two 

genotypes in the average SFRs at the daytime (Figure 1I). mpd neurons from WT mice at night 

had significantly increased average SFRs compared to those at their respective daytime. The 

SFR of WT mice was significantly higher than that of ASIC1a-/-  mice at night, suggesting that 

the deletion of ASIC1a only affects  the  neurosecretory neurons activity in the PVH at night, 

not day time. 

 

Expression of ASIC1a in the hypothalamus has a circadian rhythm 

We have shown here that deletion of ASIC1a lowers the body temperature at night, by 

interacting with signaling of the HPT axis. It is currently not known whether ASIC1a expression 

in the brain follows a circadian rhythm. Hypothalamus, SCN and hippocampus were harvested 

at 4-hour intervals from 3-month-old WT male mice entrained in a standard LD cycle. After 
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extraction of total proteins and separation by SDS-PAGE, expression of ASIC1a was 

determined by Western blot analysis (Figure 2A-C). The expression of the ASIC1a protein was 

significantly increased at ZT12 in hypothalamus (Figure 2A), significantly decreased at ZT12 

in SCN (Figure 2B) and no circadian changes were observed in hippocampus (Figure 2C). The 

mRNA level of ASIC1a in the hypothalamus at ZT12 and ZT16 was significantly higher than 

at ZT20 (Figure 2D), and the level in the SCN was significantly higher at ZT0 than that at 

ZT16 (Figure 2E). The expression of ASIC1a in the hypothalamus from which the SCN had 

been removed was still higher at ZT12 than at ZT0 (Supplemental Figure 1D). These results 

show that ASIC1a expression has a circadian rhythm in hypothalamus but not another tested 

brain region, and that the rhythm of ASIC1a expression in SCN is opposite to that of other 

hypothalamus divisions. 

In the primary feedback loop, the circadian locomotor output cycle kaput (CLOCK) and brain 

and muscle ARNT-like protein 1 (BMAL1) proteins form heterodimers in the cytosol of SCN 

neurons. The CLOCK-BMAL1 complex translocates to the nucleus and activates expression of 

period (Per1, Per2 and Per3) and cryptochrome (Cry1 and Cry2) genes by binding to 

regulatory elements of the DNA containing E-boxes (Takahashi, 2017). In WT mice under a 

standard LD cycle, the expression of the BMAL1 protein was significantly increased at ZT8 in 

hypothalamus (Supplemental Figure 1A), significantly decreased at ZT8 in SCN 

(Supplemental Figure 1B) and significantly increased at ZT8 in hippocampus (Supplemental 

Figure 1C). The Bmal1 mRNA level of the hypothalamus was significantly decreased at ZT16 

as compared to ZT20 (Supplemental Figure 1E). In the SCN, these levels were significantly 

higher at ZT0 and ZT4 than at ZT12 (Supplemental Figure 1F). The circadian expression 

rhythm was synchronous between ASIC1a and BMAL1 in the SCN and hypothalamus.  

 

Expression of ASIC1a in embryonic hypothalamus neurons has a circadian rhythm  

ASIC1a is abundantly expressed in the embryonic and adult mouse brain (de la Rosa et al., 

2003). Activation of ASICs induces APs in cultured neurons (Alijevic et al., 2020a; Baron et 

al., 2002; Vukicevic and Kellenberger, 2004). To determine whether there is a circadian cycle 

of ASIC activity, we recorded acid-induced currents and APs in cultured neurons. The 

amplitude of pH6.6-induced ASIC currents was significantly different between 12h and 18h 

p.m. on hypothalamus neurons, while no circadian changes were found in hippocampus and 

cortex neurons (Figure 3A). Since the hypothalamus contains different types of neurons, we 

classified various cell types in the hypothalamus, based on their different morphologies, as 

types 1-4 (Supplemental Figure 2A). The pH6.6-induced ASIC current density showed a 
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circadian rhythm in types 1-3, but not in type 4. The average acid-induced current density was 

in all types of hypothalamus neurons significantly higher than in cortex and hippocampal 

neurons (Supplemental Figure 2B).  

TRH secretion and the circadian regulation of the HPT axis are controlled by neurosecretory 

neurons in the hypothalamus. To separate the measured neurons into neurosecretory and non-

neurosecretory neurons, an electrophysiology protocol, developed by Tasker and colleagues 

(Luther et al., 2002; Tasker and Dudek, 1991), was applied. To this end, the current protocols 

described in Supplemental Figure 2C are applied to current-clamped neurons, and neurons are 

classified according to their voltage response. According to this analysis, 56% of type1 neurons 

are neurosecretory neurons, while this proportion is 14% in type2, and 25% in type3 neurons 

(Figure 3B). This analysis was not carried out for type4 neurons since these neurons had no 

circadian rhythm. Since the type1 neurons have the highest proportion of neurosecretory 

neurons, the circadian rhythm of acid-induced current was further tested on this neuron type. 

Since in cultured neurons, the circadian rhythm is shifted between cells, differences may be 

missed if the activity is measured as reported in Figure 3A. To synchronize the rhythm of the 

cells used for the experiments reported in Figure 3C-E, neurons at day 11 after seeding were 

exposed to 1µm dexamethasone for 30min. In order not to perturb the measurements by any 

short-term effect of dexamethasone, voltage- and current-clamp recordings were performed on 

the cultured neuron at 18, 24, 30 and 36 hours after synchronization treatment (ZT18, 0, 6, 12). 

The acid-induced ASIC current density had a circadian rhythm after synchronization treatment, 

with maximal amplitudes at ZT12 (Figure 3C). Exposure to pH6.6 induced APs in these 

current-clamped neurons (Figure 3D). The number of acid-induced APs showed a circadian 

rhythm in type1 neurons, with a maximum at ZT0 (Figure 3E). Thus, the maximal number of 

APs was found at a different ZT than the maximal ASIC current expression. The area under the 

curve (AUC) of the pH6.6-induced depolarization in these experiments, which is a measure of 

the pH6.6-induced ASIC activity, was maximal at ZT12 (Figure 3F), thus at the same ZT as 

maximal ASIC peak currents. It has previously been shown that very strong depolarizations 

limit the number of APs by a mechanism that resembles a depolarization block (Alijevic et al., 

2020b; Vukicevic and Kellenberger, 2004).  These observations confirm data obtained without 

synchronization treatment (Supplemental Figure 2D-E). These data show that the function of 

ASICs in embryonic neurosecretory neurons has a circadian rhythm, and ASIC currents affect 

the neuronal activity.  
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ASIC1a regulates the Akt-mTOR signaling pathway in the hypothalamus 

To identify circadian rhythms in gene expression depending on ASIC1a in a genome-wide 

manner, we performed a global transcriptome deep sequencing of 3-month-old WT and 

ASIC1a-/- mice that were kept under a standard LD cycle. The hypothalamus was harvested at 

ZT1 or ZT13.  RNA levels were quantified by next-generation sequencing (RNA-seq; see 

Methods). 

Surprisingly, only 18 genes had their expression changed in the hypothalamus of ASIC1a-/- as 

compared to WT mice (Figure 4A). At ZT1, 1 gene (Krt90) was downregulated and 1 gene 

(Cers5) was upregulated in ASIC1a-/- hypothalamus (Figure 4B). Krt90 does not express a 

functional protein in the central nervous system. At ZT13, 3 genes (Krt90, Prl and Gm49980) 

were downregulated and 13 genes (Cers5, 1700016P03Rik, Arl4d, Btg2, Ddit4, Sgk1, Egr1, 

Egr2, Egr3, Nr4a1, Nr4a3, Fos, Fosb and Junb) were upregulated in ASIC1a-/- hypothalamus 

(Figure 4B). Cers5 is an enzyme involved in the synthesis of ceramides from sphingoid bases 

and acyl‐CoA substrates (Mullen et al., 2012); Prl, prolactin, is a pituitary hormone and has 

only been detected in the amygdala, the preoptic area of hypothalamus and the olfactory bulb 

(Cabrera-Reyes et al., 2017). Arl4d, Ddit4 and Sgk1 are kinases that affect diverse signaling 

pathways. Arl4d and Sgk1are both  negatively regulated by the activation of Akt (Tolksdorf et 

al., 2018; Toska et al., 2019),while Ddit4 is a potent inhibitor of mTOR (Noseda et al., 2013). 

Btg2, Egr1, Egr2, Egr3, Nr4a1 and Nr4a3 are transcription factors which are inhibited by the 

activation of Akt or mTOR (Chien et al., 2017; Lau et al., 2011; Liu et al., 2020; Tsui et al., 

2018; Yu et al., 2013). Both c-fos, fosb and Junb genes are early response genes (ERG) that are 

activated transiently and rapidly in response to a wide variety of cellular stimuli; c-fos, fosb and 

Junb are regulated by Akt or mTOR (Li et al., 2017; Ren et al., 2021). 1700016P03Rik and 

Gm49980 are non-coding genes. 

The expression of all genes except for the non-coding genes and Krt90 were tested by qRT-

PCR in the same mouse hypothalamus RNA samples. The expression of Prl was significantly 

increased at ZT13 in the hypothalamus of WT but not ASIC1a-/- mice and was significantly 

higher in the WT than in ASIC1a-/- at ZT13. The indicated downregulation of Cers5 in ASIC1a-

/- was not confirmed (Figure 4C). Regarding kinases and transcription factors, the qRT-PCR 

analysis showed that the expression in the hypothalamus of the following genes was increased 

at ZT13 relative to ZT1 in ASIC1a-/-: Arl4d, Btg2, Sgk1, Ddit4, Egr1, Egr3, Nr4a1 and Nr4a3. 

In WT hypothalamus, only Bgt2, Ddit4 and Nr4a3 were increased at ZT13 relative to ZT1. The 

only significant difference between WT and ASIC1a-/- at ZT1 was the higher expression of 

Nr4a3 in WT hypothalamus. The higher expression in ASIC1a-/- relative to WT at ZT13 was 
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confirmed for Arl4d, Sgk1, Egr1, Egr3, Nr4a1 and Nr4a3 (Figure 4D-E). Regarding the ERGs, 

the expression of Fosb was significantly increased at ZT13 over ZT1 in ASIC1a-/- mice, and 

was significantly lower in ASIC1a-/- than in WT mice at ZT1 and higher in ASIC1a-/- than in 

WT at ZT13. A similar pattern was observed for c-fos, except for the fact that there was no 

difference between ASIC1a-/- and WT mice at ZT1. The expression of Junb was significantly 

increased at ZT13 over ZT1 in WT but not in ASIC1a-/- mice, and was significantly lower in 

ASIC1a-/- than in WT mice at ZT13 (Supplemental Figure 3A). The expression of ASIC1a was 

significantly increased at ZT13 in WT mice, and was not detectable in ASIC1a-/- mice 

(Supplemental Figure 3B). The expression of Tshb was not different between WT and 

ASIC1a-/- mice, nor between the two time points (Supplemental Figure 3C). The expression 

of Trh was significantly increased at ZT13 in WT but not in ASIC1a-/- mice, and was 

significantly higher in WT than in ASIC1a-/- at ZT13, which had not been observed with the 

RNA-sequencing (Supplemental Figure 3D). Since all these genes are regulated by the Akt-

mTOR signaling pathway, we measured the mRNA level of mTOR in WT and ASIC1a-/- mouse 

hypothalamus at ZT1 and ZT13. The expression of mTOR was not different between WT and 

ASIC1a-/- mice, nor between the two time points (Figure 4F). 

 

Activation of ASIC1a regulates the expression of Trh and Prl via the Akt-mTOR signaling 

pathway 

Global deletion of ASIC1a alters Akt-mTOR signaling pathway-relative gene expression in the 

hypothalamus at ZT13. The expression of Trh and Prl is also regulated by the Akt-mTOR 

pathway (McAninch and Bianco, 2014; Yan et al., 2017). It is currently not known whether the 

activity of the Akt-mTor pathway in the hypothalamus follows a circadian rhythm. 

Hypothalami were harvested at 4-hour intervals from 3-month-old WT and ASIC1a-/- male mice 

kept under a standard LD cycle. After extraction of total proteins and separation by SDS-PAGE, 

the expression of p-Akt, Akt, mTOR, p-mTOR and β-actin was determined by Western blot 

analysis (Figure 5A and Supplemental Figure 4A). The p-Akt/Akt expression ratio was 

decreased at ZT12 in ASIC1a-/- and showed no circadian rhythm in WT hypothalamus; the p-

mTOR/mTOR expression ratio showed a circadian rhythm in both WT and ASIC1a-/- neurons 

with highest values at night in WT, and at ZT8 in ASIC1a-/- hypothalamus. Overall, the p-

mTOR/mTOR ratio was higher in WT than ASIC1a-/- hypothalamus (Figure 5A). The 

expression of Akt and mTOR had no circadian rhythm in WT and ASIC1a-/- mice, and no 

significant difference between the WT and ASIC1a-/- mice (Supplemental Figure 4A). 

Expression of BMAL1 protein was significantly decreased at ZT8 and ZT12 in ASIC1a-/- 
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hypothalamus (Supplemental figure 4B). 

To test whether the observed activation of Akt and mTOR is due to a changed ASIC expression, 

the effect of an inhibitor of Akt (Triciribine) (Yang et al., 2004) or of mTOR (Rapamycin) 

(Raab-Graham et al., 2006), an ASIC agonist (MitTx) (Bohlen et al., 2011) and an ASIC 

inhibitor (PcTx1) (Escoubas et al., 2003) was measured on the activation of Akt and mTOR in 

cultured neurons. Since the hypothalamus is a small nucleus and many animals would be 

required to obtain enough cells for a Western-blot analysis, ASIC expression was determined 

in cortical neurons, in which ASIC currents of relatively high amplitude have been measured 

(Wemmie et al., 2003; Wemmie et al., 2002). Primary cultures of WT and ASIC1a-/- cortical 

neurons were incubated with the indicated inhibitors or agonists for 2 hours. After extraction 

of total proteins and separation by SDS-PAGE, expression of ASIC1, p-Akt, Akt, mTOR, p-

mTOR and β-actin was determined by Western blot analysis. Representative blots indicate no 

ASIC1a expression change after Triciribine, PcTx1, Rapamycin and MitTx treatment 

(Supplemental Figure 4C); the p-Akt/Akt ratio was decreased in WT and ASIC1a-/- neurons 

after Triciribine treatment, and showed a tendency of upregulation in WT neurons after MitTx 

treatment (p=0.0579). The p-mTOR/mTOR expression ratio was decreased in WT and ASIC1a-

/- neurons after Triciribine and Rapamycin treatment, and significantly upregulated in WT 

neurons after MitTx treatment (Supplemental Figure 4C). 

To test whether the activity of ASIC1a regulates the expression of Prl and Trh, the effects of 

Triciribine, PcTx1, Rapamycin and MitTx on the mRNA expression of Prl and Trh were 

measured. Primary cultures of WT and ASIC1a-/- hypothalamus neurons were incubated with 

different inhibitors or agonists for 2 hours. After isolation of total mRNA, the expression of 

Trh, Prl, Arl4d, Egr1, Egr3, Nr4a1 and Sgk1 was determined by qRT-PCR analysis. The 

expression of both Prl and Trh was significantly decreased in WT and ASIC1a-/- neurons after 

Triciribine and Rapamycin treatment, and significantly upregulated in WT but not ASIC1a-/- 

neurons after MitTx treatment. PcTx1 decreased the expression of Prl and Trh in WT neurons 

(Figure 5B-C). Triciribine significantly increased the expression of Arl4d, Egr1, Nr4a1 and 

Sgk1 in WT and ASIC1a-/- neuron, while PcTx1 significantly increased the expression of the 

same four transcripts only in WT neurons; Egr3 was significantly upregulated in WT neurons 

after PcTx1 treatment, and significantly upregulated in ASIC1a-/- neurons after Triciribine 

treatment; the expression of Arl4d and Sgk1 was significantly upregulated in WT neurons after 

Rapamycin treatment, Arl4d and Nr4a1 were significantly upregulated in ASIC1a-/- neurons 

after Rapamycin treatment (Supplemental Figure 4D). 

Activation of ASIC1a induces Ca2+ influx and activates the PI3K, which activates the Akt-
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mTOR pathway (Dou et al., 2019; Rommel et al., 2001). A previous study reported that the 

activation of cAMP response element-binding protein (CREB) potentiates the transcription of 

Prl and Trh; activation of CREB is also upregulated by the activation of Akt-mTOR pathway 

(Fu et al., 2015; Sotelo-Rivera et al., 2017). To test whether the expression of Prl and Trh is 

regulated by the activation of ASIC1a via the Akt-mTOR pathway, the effect of BAPTA-AM 

(a cell-permeable Ca2+ chelator) (Tymianski et al., 1994), KG-501 (an inhibitor of p-CREB) 

(Best et al., 2004), Triciribine, PcTx1 and Rapamycin on the MitTx induced expression increase 

of Prl and Trh was tested. Primary cultures of WT hypothalamus neurons were pre-incubated 

with different inhibitors for 30 min, then co-incubated with 2nM MitTx for 2 hours. After 

isolation of total mRNA, expression of Trh was determined by qRT-PCR analysis. The MitTx-

induced expression of Trh in WT neurons was significantly decreased by each of these 

inhibitors (Figure 5D). These results indicate that the MitTx-induced expression level of Trh 

depends on intracellular Ca2+, the Akt-mTOR pathway and p-CREB. 

 

ASIC1a regulates circadian rhythm behaviors 

We have shown here that ASIC1a regulates the circadian rhythm of body temperature and the 

expression of Trh and Prl. To test whether ASIC1a also controls other circadian rhythms, the 

role of ASIC1a in the circadian system was first assessed by studying locomotor activity 

rhythms of WT and ASIC1a-/- mice in wheel-running cages. Mice were first exposed to a 12 h 

light:12 h dark (LD) cycle followed by constant darkness (DD). Under LD conditions, the free-

running period of locomotor activity (Figure 6A-B) was significantly different between WT 

and ASIC1a-/- mice in the dark period. Under DD conditions, the free-running period was 

significantly different between WT and ASIC1a-/- mice (Figure 6C), suggesting the 

involvement of ASIC1a in the molecular clockwork. Short light pulses at ZT14 or ZT22 before 

releasing the mice in the DD cycle shifted the cycle in the same way in WT and ASIC1a-/- mice 

(Figure 6D). 

 

DISCUSSION 

We show here that the expression of AISC1a has a circadian rhythm in the adult hypothalamus 

and in embryonic neurosecretory hypothalamus neurons. Global deletion of ASIC1a only 

affects the expression of 9 functional genes at ZT13, among them Trh and Prl, and none at ZT1 

in hypothalamus. Our analysis in cultured neurons indicates that the activation of ASIC1a 

regulates the expression of Trh and Prl via the Akt-mTOR pathway. We conclude that the 
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circadian expression of ASIC1a in the hypothalamus modulates the daily rhythm of body 

temperature through the HPT axis. 

 

The regulation of the circadian rhythm of the body temperature depends on the HPT axis 

The HPT axis is part of the neuroendocrine system responsible for the regulation of metabolism 

and body temperature. Disruption of the HPT axis causes many diseases, such as 

hyperthyroidism, hypothyroidism, thyrotoxicosis, low-T3 syndrome and resistance to thyroid 

hormone (Ichiki, 2010; Qari, 2015; Schmidt-Ott and Ascheim, 2006). We observed here that 

the Trh and Tsh mRNA levels, which are maximal at night in hypothalamus and pituitary, 

respectively, lost their circadian rhythm in ASIC1a -/- mice. In contrast, the TrhR mRNA 

adopted a circadian rhythm in the pituitary only after deletion of ASIC1a. Since ASIC1a is 

abundantly expressed in all secretory cell types of the pituitary (Wang et al., 2020), deletion of 

ASIC1a may alter the expression of the TRHR in the pituitary. The TshR expression in the 

thyroid gland was significantly lower in ASIC1a-/- than WT at both ZT1 and ZT13, although 

the body temperature at ZT1 was not different. Together, these changes strongly suggest that 

the difference in body temperature of ASIC1a-/- relative to WT mice at night was induced by 

the lowering of the expression of several components of the HPT axis at night.  

Wheel-running activity was significantly decreased in ASIC1a-/- compared to WT mice from 

ZT13 to ZT21 (Figure 6A). However, the body temperature was only significantly different at 

ZT17 and ZT18 (Figure 1A). Locomotion is the fastest and most influential factor in heat 

production. Because the presence of running wheels alters several aspects of energy balance, 

including body weight and composition, food intake, and energy expenditure of activity (Novak 

et al., 2012), the amplitude of the day-night difference may also be affected. The body 

temperature measurements were not influenced by the wheel running, since they were done in 

separate experiments. Therefore, the lower body temperature in ASIC-/- mice was not due to 

less wheel running. We measured the body temperature and the spontaneous activity in the 

same mice, showing no difference between the WT and ASIC1a-/- regarding the spontaneous 

activity (Figure 1B). The body temperature difference between WT and ASIC1a-/- mice at 

ZT17 and ZT18 relies therefore likely on the neuroendocrine system of the HPT axis. 

 

ASIC1a may regulate the expression of Prolactin to affect circadian behavior  

Prolactin is a pituitary hormone. It is however also expressed in the dorsomedial, ventromedial, 

supraoptic nuclei and the PVH of the hypothalamus (Cabrera-Reyes et al., 2017), where it is 
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synthesized locally, independent of PRL synthesis in the pituitary gland (Freeman et al., 2000). 

In the brain, PRL receptors are expressed in cells of the PVH, medial preoptic nucleus, 

supraoptic nucleus, rostral arcuate nucleus and choroid plexus,  but not in the cortex (Chiu and 

Wise, 1994). We found here that the expression of Prl was significantly increased at ZT13 in 

the hypothalamus of WT but not ASIC1a-/- mice (Figure 4C), and significantly decreased at 

ZT13 in the pituitary of WT but not ASIC1a-/- mice (Figure 1C). PRL stimulates dopamine 

release from discrete neuronal populations in the PVH dopaminergic neurons to maintain low 

levels of serum prolactin (DeMaria et al., 2000; Foord et al., 1983). Therefore, the observed 

upregulation of Prl at ZT13 in hypothalamus likely stimulates dopamine release from 

neuroendocrine neurons in hypothalamus to inhibit the synthesis of Prl in pituitary of WT mice. 

In ASIC1a-/- mice, which have lost the circadian expression of Prl in the hypothalamus, the 

circadian rhythm of Prl expression in the pituitary is not maintained. 

The major function of PRL is to stimulate milk production during lactation. In particular, 

prolactin plays a role in energy homeostasis (Ellacott et al., 2003), food intake  (Lawrence et 

al., 2000) and wheel-running activity (Carter, 2019; Ladyman et al., 2020). Intraperitoneal 

injection of prolactin can acutely suppress wheel-running activity in virgin female mice, and 

specific deletion of the PRL receptor of the medial preoptic area was shown to completely 

abolish the early pregnancy-induced suppression of wheel-running activity (Ladyman et al., 

2020). Male mice with a specific deletion of the PRL receptor in rat insulin promoter-positive 

hypothalamic neurons had lower body weights, increased oxygen consumption and increased 

running wheel activity than control mice (Ladyman et al., 2017). In our study, we found that 

wheel-running activity of WT mice was significantly higher than that of ASIC1a-/- mice under 

dark condition (ZT13-ZT21, Figure 6A). Since pituitary and exogenous PRL inhibit the wheel-

running activity, and the expression of Prl in pituitary was significantly decreased at ZT13 in 

the pituitary of WT but not ASIC1a-/- mice (Figure 1C), the increase of wheel-running activity 

in WT under dark condition may be mediated by the decreased expression of Prl in the pituitary. 

 

Activation of ASIC1a regulates Prl and Trh via the Ca2+/PI3K/Akt/mTOR/CREB pathway 

Our study indicates that the activation of ASIC1a regulates the Akt-mTOR signaling pathway. 

Activation of ASIC1a by the selective agonist MitTx led to a higher activity of Akt and mTOR, 

and inhibition of Akt decreased the expression of p-mTOR (Supplemental Figure 5). This 

indicates that the activation of ASIC1a upregulated Akt, which in turn upregulated mTOR. 

Phosphatidylinositol 3-kinase (PI3K) acts upstream of Akt, the activated PI3K bringing Akt into 

close proximity, and allowing the PI3K to phosphorylate Akt at its kinase domain (Markman et 
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al., 2010). Intracellular Ca2+ and hypoxia activate PI3K (Vergne et al., 2003). This activation is 

prevented in the absence of intra- or extracellular Ca2+ (Lee et al., 2008). Homomeric ASIC1a 

has a small but well documented Ca2+ permeability, and the effect of ASIC1a activation on Prl 

and Trh expression was inhibited by the Ca2+ chelator BAPTA-AM. This indicates that ASIC1a 

regulates Prl and Trh via the Ca2+/PI3K/Akt/mTOR pathway. In hypothalamus neurons, 

activation of ASICs induces a membrane depolarization which can activate voltage-gated Ca2+ 

channels and by this way increase the intracellular Ca2+ concentration. Part of the Ca2+ influx 

may therefore occur by this indirect entryway. The CREB is downstream of mTOR (Abd-

Elrahman and Ferguson, 2019; Dai et al., 2017). In our study, the inhibitor of p-CREB 

decreased the level of ASIC1a-induced expression of Prl and Trh. Therefore, we conclude that 

the expression of Prl and Trh is induced by the activation of ASIC1a via 

Ca2+/PI3K/Akt/mTOR/CREB pathway. 

The p-Akt/Akt expression ratio showed no circadian rhythm in WT hypothalamus (Figure 5A), 

whereas in cultured hypothalamus neurons, the activation of ASIC1a upregulated the p-Akt/Akt 

expression ratio. Deletion of ASIC1a significantly upregulated the p-Akt/Akt expression ratio 

in the hypothalamus (Figure 5A, P=0.0283, unpaired Student's t-test. n=5-6) and introduced a 

circadian rhythm in the p-Akt/Akt expression ratio. This suggests that the activity of Akt may 

be negatively regulated by ASIC1a by an unknown mechanism. The p-mTOR/mTOR 

expression ratio was significantly higher at night in WT and was overall higher in WT than 

ASIC1a-/- hypothalamus (Figure 5A, P=0.0002, unpaired Student's t-test. n=5-6). Activation of 

ASIC1a induces activation of CaMKII and ERK1/2 by a mechanism that depends on Ca2+ influx 

(Yu et al., 2018), and Erk1/2 was shown to upregulate the activity of mTOR (Hsu et al., 2019). 

Thus, the activation of mTOR has a circadian rhythm that is likely synchronized with the 

expression of ASIC1a in the hypothalamus of WT mice. The decreased activation of mTOR in 

the absence of ASIC1a may be due to a missing regulation by both the CaMKII/ERK1/2 and 

the PI3K/Akt pathway. The fact that the RNA sequencing did not identify any difference in 

expression of components of the CaMKII/ERK1/2 may however indicate that this pathway is 

less important. 

 

Synchronous expression of ASIC1a and BMAL1 in the hypothalamus 

In the SCN and the hypothalamus, the circadian rhythm of ASIC1a is synchronized with the 

expression of BMAL1 (Figure 2 and Supplemental Figure 1). After exposure to light, the 

expression of ASIC1a and BMAL1 increased in the hypothalamus and decreased in the SCN; 

it also increased in the hypothalamus without SCN. In line with other publications (Kohsaka et 
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al., 2007; Zhang et al., 2017), we find here the peak of Bmal1 expression at ZT0 in the 

hypothalamus and the SCN. In our experiments, the daily rhythm was shifted between Bmal1 

mRNA and protein expression. The protein expression pattern of BMAL1 is affected by many 

factors, such as the age, diet, disease (Blancas-Velazquez et al., 2017; Cai et al., 2010; Yang et 

al., 2016). In the absence of ASIC1a in the hypothalamus, the expression of Bmal1 did not lose 

its circadian rhythm. The relationship between ASIC1a and the clock genes is currently unclear, 

but our result suggests that the circadian expression of ASIC1a may be regulated by clock genes. 

 

The SCN regulates the daily rhythm of the body temperature 

We found no difference in the daytime firing rates of PVH mpd neurons between WT and 

ASIC1a-/- mice (Figure 1I). In contrast, the SFR was significantly higher in WT than in 

ASIC1a-/- at nighttime, and was increased at night relative to the day in WT but not in ASIC1a-

/- mpd neurons. The SCN sends inhibitory signals to the PVN, which may result in a lower 

metabolic heat production and a lower body temperature (Speed et al., 2018). In rats, 

vasopressin release during the light period inhibits the corticotropin-releasing hormone-

containing neurons in the PVN (Kalsbeek et al., 2011). The SFR of mouse SCN neurons is 

significantly higher during the day than at night (Nygård et al., 2005; Paul et al., 2016). 

K+ channels, including a fast, delayed-rectifier current, contribute to the control of the circadian 

rhythm of  SFR in the SCN (Itri et al., 2005). Our RNA sequencing analysis did not detect 

changes in the expression of K+ channels in hypothalamus. Thus, the activity of the mpd 

neurons may be regulated directly by the SCN, not via K+ channel expression changes. It is 

currentlly unclear how neuronal activity in the mpd is translated into body temperature rhythms. 

SFR and behavioral rhythms are phase-locked, and the changes of SFR rhythm could affect 

circadian activity (Yamazaki et al., 1998). The SCN may regulate the activity of mpd neurons 

and the expression of Trh to regulate the circadian rhythm of body temperature through the 

HPT axis. 

 

Conclusion 

Overall, we demonstrated that the expression of ASIC1a in the hypothalamus follows a 

circadian rhythm, and that deletion of ASIC1a partially prevents the increase in body 

temperature during the night.  Analysis of the involved signaling suggests that zeitgeber light 

regulates through the SCN the activity of mpd neurons and the expression of Prl and Trh by a 

mechanism that depends on ASIC1a. Trh in turn regulates the circadian rhythm of body 

temperature via the HPT axis; Prl may be involved in the regulation of the wheel-running 
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activity.  
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FIGURE LEGENDS 

 

Figure 1. ASIC1a regulates the activity of hypothalamus neurosecretory neurons and controls 

body temperature via the hypothalamic–pituitary–thyroid axis. A, Core body temperature 

rhythm for 24 h under LD cycle, n=11-12. Data are presented as mean ± SEM, compared to 

corresponding ZT time by one-way ANOVA test and Dunnett's post-hoc test, *, p<0.05; **, 

p<0.01. B, Daily profile of locomotor activity in LD cycle. Activity counts are expressed as 

percentage of daily total, n=11-12. C-F, Fshb, Gh, GPx2, Pomc, Prl and Tshb mRNA levels in 

pituitary (C), Trh mRNA levels in hypothalamus (D), TrhR mRNA levels in pituitary (E), TshR 

mRNA levels in thyroid gland (F) were quantified by real-time qRT-PCR. The mean relative 

expression of each gene in WT mice at ZT1 was set to 1. Results for each mouse are presented 

as relative quantity over the mean of the WT at ZT1. Data are presented as mean ± SEM, n=4-

5. *, p<0.05; **, p<0.01; ***, p<0.001; compared WT to corresponding ZT ASIC1a-/- by two-

way ANOVA test and Holm-Sidak's post-hoc test. #, p<0.05; ##, p<0.01; ###, p<0.001; 

comparison of each ZT with the corresponding genotype by two-way ANOVA test and Holm-

Sidak's post-hoc test. G, Experimental scheme of the coronal PVH slice map, recorded in loose-

patch mode on mpd neurons. pv, periventricular parvocellular division; mpd, dorsal portion of 

the medial parvocellular division; dp, dorsal parvocellular division; pml, posterior 

magnocellular lateral division; pmm, posterior magnocellular medial division; III, third 
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ventricle. H, Representative traces recorded with the loose-patch technique during the day (left) 

and night (right) from WT (blue) and ASIC1a-/- (red) mice brain slices. I, Dot plot of individual 

mpd neuron SFR from WT and ASIC1a-/- mice during the day or night cycle. Cells not firing 

APs were not included in this analysis. Data are presented as mean ± SEM, n=26-30 cells from 

4 mice in each condition. **, p<0.01; WT compared to ASIC1a-/- in the same period, two-way 

ANOVA test and Holm-Sidak's post-hoc test ###, p<0.001; comparison between day and night 

with the corresponding genotype by two-way ANOVA test and Holm-Sidak's post-hoc test. 
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Figure 2. Circadian expression of ASIC1a in mouse brain. The biochemical experiments were 

carried out with the indicated tissues of male mice, and proteins were separated by SDS-PAGE. 

A-C, Representative Western blots of ASIC1a, Bmal1 and β-actin expression are shown for 

each protein across each ZT in hypothalamus (A), suprachiasmatic nucleus (B) and 

hippocampus (C). β-actin was used as a control for the total protein, and Bmal1 as the positive 

control. Quantification of ASIC1a expression from the independent experiments is shown in 

the lower panels. The mean relative expression of each mouse is normalized to ZT0 in each 

independent experiment, n=6-7. *, p<0.05; compared with each other by one-way ANOVA test 

and Dunnett's post-hoc test. D-E, Real-time qRT-PCR analysis of ASIC1a expression in mouse 

hypothalamus (D) and suprachiasmatic nucleus (E). The mean relative expression of ASIC1a 

at ZT0 was set to 1. Results for each mouse are presented as relative quantity over the mean of 

the ZT0 group. Data are presented as mean ± SEM, n=5-7. *, p<0.05; compared with each other 

by one-way ANOVA test and Dunnett's post-hoc test. 
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Figure 3. Circadian rhythm of acid-induced currents in cultured mouse brain neurons. A, Peak 

current densities of pH6.6-induced current at the indicated time in cultured mouse neurons. The 

currents were measured by whole-cell voltage-clamp at -60mV. In these experiments, the 

neurons were not synchronized by Dexamethasone treatment. Mean ± SEM is also indicated, 

n=6-39. *, p<0.05; compared with each other by one-way ANOVA test and Dunnett's post-hoc 

test. B, Cultured hypothalamus neurons were classified into types 1-3 as indicated in 

supplemental Figure S2. Neurons were exposed to current protocols, indicated in supplemental 

Figure S2, to determine the proportion of secretory and non-secretory neurons. C-E, data were 

obtained after synchronization by 1µM Dexamethasone treatment of cultured mouse 

neurosecretory Type 1 hypothalamus neurons. C, Peak current densities of pH6.6-induced 

currents at the indicated ZT time. The currents were measured by whole-cell voltage-clamp at 

-60mV at the indicated ZT time. Data are presented as mean ± SEM, n=10-11. *, p<0.05; **, 

p<0.01; ***, p<0.001; compared with each other by one-way ANOVA test and Dunnett's post-

hoc test. D, Representative voltage traces obtained with whole-cell current-clamp of pH6.6-

induced depolarization. E, Number of pH6.6-induced APs at the indicated ZT time, measured 
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by whole-cell current-clamp. F, Normalized AUC of the depolarization (voltage x time, grey 

area in D) of pH6.6-induced depolarization at the indicated ZT time, measured by whole-cell 

current-clamp.   Data are presented as mean ± SEM, n=8-10. *, p<0.05; **, p<0.01; ***, 

p<0.001; compared with each other by one-way ANOVA test and Dunnett's post-hoc test. 
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Figure 4. Effects of ASIC1a on the hypothalamus transcriptome. A, Heat map representing 

significantly altered transcripts (P < 0.005) in hypothalamus across the genotypes. Samples are 

in columns and genes are in rows. High expression is displayed in red (z-score > 1) while low 

expression in blue (z-score < 1). B, Venn diagrams comparing the expression-changed genes 

were drawn based on the RNA-seq data sets. C-F, Real-time qRT-PCR analysis to identify the 

gene expression change of functional (C), kinase (D) and transcription factor genes (E) and the 

mTOR gene (F). The mean relative expression of each gene in WT mice at ZT1 was set to 1. 

Results for each mouse are presented as relative quantity over the mean of the WT at ZT1 group. 

Data are presented as mean ± SEM, n=4-5. *, p<0.05; **, p<0.01; ***, p<0.001; WT compared 

to ASIC1a-/- at the corresponding ZT, two-way ANOVA and Holm-Sidak's post-hoc test. #, 

p<0.05; ##, p<0.01; ###, p<0.001; comparison for a given genotype between the ZT conditions, 

two-way ANOVA test and Holm-Sidak's post-hoc test. 
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Figure 5. Activation of ASIC1a regulates the expression of Trh and Prl via the Akt-mTOR 

pathway. A, Representative Western blots of Akt, p-Akt, mTOR, p-mTOR and β-actin 

expression are shown for each protein across each ZT in WT and ASIC1a-/- mouse 

hypothalamus as indicated (top panel). The biochemical experiments were carried out in male 

mice. Quantification of p-Akt/Akt (center panel) and p-mTOR/mTOR expression (bottom panel) 

from the independent experiments. The mean relative expression of each mouse was normalized 

to WT at ZT0 in each independent experiment, n=5-6. *, p<0.05; compared with each other by 

one-way ANOVA test and Dunnett's post-hoc test. B-C, Real-time qRT-PCR analysis of Trh (B) 

and Prl (C) expression in cultured hypothalamus neurons. Cultured neurons were exposed to 

Triciribine (10µm), PcTx1 (10nM), Rapamycin (200nM), MitTx (2nM) or vehicle (control) for 

2 h. D, Real-time qRT-PCR analysis of Trh expression in cultured WT hypothalamus neurons 

exposed during 2h to 2 nM MitTx. Neurons were pretreated for 30min and then co-exposed for 

2h with MitTx and the following inhibitors: BAPTA-AM (30µM), KG-501 (10µM), Triciribine 

(10µm), PcTx1 (10nM), Rapamycin (200nM). Results for each mouse are presented relative to 

the mean of the control (B-C) or MitTx-alone condition (D). Data are presented as mean ± SEM, 

n=4. *, p<0.05; **, p<0.01; ***, p<0.001; compared with control (B-C) or MitTx (D-E) by 

one-way ANOVA test and Tukey honesty post-hoc test. 
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Figure 6. ASIC1a is necessary for the light adaptation of the circadian rhythm of wheel-running 

activity. A, Representative double-plotted actograms of wheel-running activity profile of a WT 

(left) and ASIC1a-/- (right) mouse under 12 h light∶12 h dark (LD) or constant dark (DD, lower 

half) are shown. Daily wheel-running activity profiles of mice were binned at 5 min intervals,  

and periods of darkness are shown by dark shading. B, WT and ASIC1a-/- mice were entrained 

under LD cycle and their locomotor activity was recorded over 8 days. The average amounts of 

wheel revolutions over 24 h during these 8 days were calculated in 5 min time bins for both 

genotypes, n=11-12. C, WT and ASIC1a-/- mice were transferred to DD cycle and locomotor 

activity recordings from days 9 to 16 in free-running conditions were used to assess their 

internal period length with the Chi2 periodogram analysis, n=11-12. The bar and error bars 

indicate mean±SEM. ***, p<0.001, compared to control, by unpaired Student's t-test. D, Phase-

response curves of response to light of WT and ASIC1a-/- mice. For each light pulse 

administered at different circadian times (ZT14 and ZT22), animals were entrained to a LD 
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cycle for 2 weeks before being released in constant darkness for 10 d. The pulse (200 lux, 1s) 

was administered on the first night after the end of LD or on the first subjective day in DD, and 

phase shifts were calculated, n=11-12. E, A diagram summarizing the findings of the current 

work (created with BioRender). Postsynaptic ASIC1a channels are activated by drops in the pH 

in the synaptic cleft in PVH under dark condition, leading to Ca2+ influx. The increase in 

intracellular Ca2+ activates the downstream PI3K/Akt/mTOR/CREB signaling pathway. The 

Akt-mTOR pathway presumably contributes to the expression of Trh to promote the release of 

TRH from the PVH of hypothalamus. TRH stimulates the release of TSH from pituitary and 

promote the secretion of T3 and T4 from the thyroid gland to regulate the body temperature. 

Together, the ASIC1a-Akt-mTOR signaling cascade represents a novel molecular mechanism 

that regulates the expression of Trh in the hypothalamus, which is important for the regulation 

of the daily cycle of the body temperature. 
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Figure S1. Circadian expression of ASIC1a and Bmal1 in mouse. A-C, Quantification of 

Bmal1 expression in hypothalamus (A), suprachiasmatic nucleus(B) and hippocampus (C). 

from the independent experiments illustrated in Figure 2A-C. The mean relative expression of 

each mouse is normalized to that at ZT0 in each corresponding experiment, n=6-7. *, p<0.05; 

compared with each other by one-way ANOVA test and Dunnett's post-hoc test. D, 

Representative Western blots of ASIC1a, Bmal1 and β-actin expression for the indicated 

proteins at the indicated ZT in hypothalamus without the suprachiasmatic nucleus (left). β-actin 

was used as a control for the total protein. Quantification of ASIC1a (center) and Bmal1 (right) 

expression from the independent experiments. The mean relative expression of each protein is 

normalized to ZT0 in each independent experiment, n=6-7. *, p<0.05; compared with each other 

by one-way ANOVA test and Dunnett's post-hoc test. E-F, Real-time qRT-PCR analysis of 

Bmal1 expression in mouse hypothalamus (E) and suprachiasmatic nucleus (F). The mean 

relative expression of Bmal1 at ZT0 was set to 1. Results for each mouse are presented as 
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relative quantity over the mean of the ZT0 group. Data are presented as mean ± SEM, n=5-7. 

*, p<0.05; compared with each other by one-way ANOVA test and Dunnett's post-hoc test. 
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Figure S2. Circadian rhythm of ASIC currents in subtypes of cultured mouse hypothalamus 

neurons. A, Representative images of four typical morphology-based types of cultured 

hypothalamus neurons at day 12 (top panels). The peak current densities of pH6.6-induced 

current at the indicated time are indicated for each of the four types of hypothalamus neurons 

(bottom panels). B, Peak current densities of pH6.6-induced current in cultured mouse brain 

neurons, as indicated, over one circadian cycle. The data obtained at 4 different time points are 

pooled for presentation. A-B, The currents were measured by whole-cell voltage-clamp at -

60mV from cultured neurons at the indicated time. Data are presented as mean ± SEM, n=6-39. 

*, p<0.05; **, p<0.01; compared with each other by one-way ANOVA test and Dunnett's post-

hoc test. C, Electrogenic properties of cultured hypothalamus neurons to classify them into 

neurosecretory and non-neurosecretory neurons (Luther et al., 2002; Tasker and Dudek, 1991). 

Current protocols were applied to cells under whole-cell current clamp. The protocol shown in 

the left and center panel was applied first, from the resting membrane potential. If the neuron 

responded with 1 or several APs as indicated in the left panel, but no low‐threshold spike (LTS, 

see center panel), it was classified as a neurosecretory neuron. If it responded with an LTS and 

at least one AP, it was classified as non-neurosecretory neuron (center panel).  If the protocol 

used in the left and center panel did not induce AP, the current protocol shown in the right panel 

was applied. If a burst of APs was induced, the neuron was classified as "non-neurosecretory", 

and if not as "others". D, Peak current densities of pH6.6-induced current at the indicated time 
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in cultured mouse neurosecretory Type 1 hypothalamus neurons. The currents were measured 

by whole-cell voltage-clamp at -60mV from cultured hypothalamus neurons. E, The pH6.6-

induced AP at the indicated time in cultured mouse neurosecretory Type 1 hypothalamus neuron. 

The AP was measured by whole-cell current-clamp from cultured hypothalamus. D-E, Data are 

presented as mean ± SEM, n=7-11. *, p<0.05; **, p<0.01; compared with each other by one-

way ANOVA test and Dunnett's post-hoc test. Note that in the experiments of this figure the 

cultured cells had not been synchronized.  
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Figure S3. Circadian expression of hypothalamus genes.  A-D, Real-time qRT-PCR analysis to 

identify the gene expression change of early response genes (A), ASIC1a (B), Tshb (E) and Trh 

(F). The mean relative expression of each gene in WT mice at ZT1 was set to 1. Results for 

each mouse are presented as relative quantity over the mean of the WT at ZT1 group. Data are 

presented as mean ± SEM, n=4-5. *, p<0.05; **, p<0.01; ***, p<0.001; compared WT to 

corresponding ZT ASIC1a-/-  by two-way ANOVA test and Holm-Sidak's post-hoc test. #, 

p<0.05; ##, p<0.01; ###, p<0.001; comparison of each ZT with the corresponding genotype by 

two-way ANOVA test and Holm-Sidak's post-hoc test. 
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Figure S4. The regulation of the Akt-mTOR pathway.  A, Quantification of Akt and mTOR 

expression from the independent experiments of hypothalamus tissue, as shown in figure 5A. 

β-actin was used as a control for the total protein. The mean relative expression of each mouse 

is normalized to WT at ZT0 in each independent experiment, n=5-6. B, Representative Western 

blots of Bmal1 and β-actin expression are shown for each protein across each ZT in ASIC1a-/- 

mouse hypothalamus (left). β-actin was used as a control for the total protein. Right, 

Quantification of Bmal1 expression. The mean relative expression of each mouse was 

normalized to ZT0 in each independent experiment, n=6. *, p<0.05; **, p<0.05; compared to 

each other by one-way ANOVA test and Dunnett's post-hoc test. C, Representative Western 

blots of ASIC1a, Akt, p-Akt, mTOR, p-mTOR and β-actin expression are shown for each 

protein across each condition in WT and ASIC1a-/- cultured cortical neurons treated with 

Triciribine (10µm), PcTx1 (10nM), Rapamycin (200nM), MitTx (2nM) or vehicle (control) for 

2 hours as indicated (upper panels). Lower panels, quantification of ASIC1a (left), p-Akt/Akt 

ratio (center) and p-mTOR/mTOR ratio (right) expression. The mean relative expression of 

each mouse is normalized to control in each independent experiment, n=4. *, p<0.05; compared 

with control by one-way ANOVA test and Tukey honesty post-hoc test. D, Real-time qRT-PCR 

analysis of Arl4d, Egr1, Nr4a1 and Sgk1 expression in cultured hypothalamus neurons (from 

the same samples as those used in figure 5B-C). Cultured neurons were treated with Triciribine, 

PcTx1, Rapamycin, MitTx or vehicle (control) for 2 hours as indicated.  
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4. General Discussion 

4.1 Mechanism and function of ASIC regulation by H2S  

4.1.1 H2S potentiates ASIC currents in CHO cell 

ASICs are gated by extracellular protons and induce ion influx. ASICs conduct cations, 

including Na+ and Ca2+, but their conductance of Na+ is the most physiologically relevant 

process 132. The physiological functions of ASICs include fear conditioning, spine 

morphogenesis, acid-sensing 284. Dysfunction of ASIC is associated with the development of 

diverse neurological diseases, including pain, itch, ischemic neuronal cell death, epileptic 

seizure, and neurodegenerative diseases 285. In this study, we found that H2S regulates the 

expression of ASICs via the MAPK-Erk1/2 signaling pathway. H2S donors increased the acid-

induced ASIC1a peak currents in a time- and concentration-dependent manner. H2S donor 

GYY4137 increased the total and plasma membrane expression of ASIC1a, and GYY4137 also 

enhanced the activation of MAPK-Erk1/2 pathway. However, it was also shown that Erk1/2 

can be activated by ASIC-mediated cell signaling. Inhibition of Erk1/2 suppressed the ASIC1a-

induced increase of NF-κB activity 286. Current rundown response to successive acid 

stimulations can be observed that is usual for ASIC1a 287,288. In this study, the peak current 

amplitude does not decrease after 1hour of recording in CHO cells expressed ASIC1a without 

NaHS treatment (Figure 1B in project 1). It may be due to the slight acidic stimulation 

increasing the activation of Erk1/2 to potentiate the expression of ASIC1a in the plasma 

membrane and neutralize the rundown of ASIC peak current. 

4.1.2 H2S regulates ASICs in a biphasic manner 

H2S is a vital gaseous signaling molecule in the body and has an essential physiological role in 

regulating life activities 289. H2S is produced by three enzymes: CBS, CSE and 3MST111-113. 

H2S may be released from these enzymes and then immediately function as a signaling molecule, 

or it may be stored as a fixed form of thiane sulfur and then be released when the cell receives 

a physiological signal. H2S sometimes has contrasting effects, with the same concentration of 

H2S having different physiological effects on various tissues 290,291. Such as, H2S increases Ca2+ 
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influx in neurons and astrocytes by enhancing the activity of NMDA receptors. In contrast, Ca2+ 

influx is decreased in retinal neurons via the activation of V-ATPase 292. The effect of different 

concentrations of H2S donors on ASICs was biphasic. The appropriate concentration of H2S 

increasing ASIC currents, whereas lower or higher concentrations of H2S donors do not increase 

the ASICcurrents (Figure 4A and C in project 1). The time-dependence of H2S on ASICs was 

also biphasic. ASICs currents were increased in the time span between 1 and 24h, not however 

at 2 hours after the H2S treatment (Figure 4B and D in project1). The increase of acid-induced 

ASIC currents was lost 48h after the H2S withdrawal. 

4.1.3 H2S may modulate ASICs directly 

H2S regulates the activity of some kinases through intracellular signals 293-295. In addition to the 

adjustment of the signaling pathway activity, H2S also regulates the direct activation of ion 

channels, receptors and some enzymes. Studies found that some effects induced by H2S may be 

due to forms of sulfur-containing compounds 296,297. This study found that WT ASIC current 

increased continually over 1 hour after a short exposure to H2S, and that the current was already 

significantly increased immediately after H2S treatment (Supplementary Figure 1A in project 

1). However, on ASIC1a-ΔCCt, in which the C-terminal Cys residues of ASIC1a were 

eliminated by mutation and truncation, the acid-induced current increase was not statistically 

significant increase immediately after H2S treatment, although the latter increase in current was 

not different between mutant and WT (Figure 3E in project 1). The current increase was not 

significantly different at 0 min after 1mM NaHS treatment between the WT and ASIC1a-ΔCCt. 

Mutation of the intercellular Cys may attenuate the direct effect of H2S bind on ASIC1a, but 

does not change the signaling pathway-dependent potentiation. So, H2S may modulate the 

intracellular Cys residues of ASICs directly. 

4.1.4 Physiological and pathological function of ASICs regulated by H2S 

Recent studies showed that H2S has a cytoprotective effect in the mammalian brain, heart, and 

other tissues 298. 

It was also found that CSE can respond to hypoxia through transcriptional and post-
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transcriptional regulation. To some extent, the expression of CSE genes can be regulated by 

hypoxia 299,300.  Low body temperature can improve the outcome of ischemic stroke patient 

301. Studies found that the endogenous level of H2S in the brain was significantly increased after 

a stroke. And treatment with cysteine, a source for product H2S, can increase the production of 

H2S 302. After brain ischemic stroke, learning and memory impairments could be decreased by 

H2S donor NaHS, and NaHS could reduce the hippocampal CA1 neuronal injury 303,304. 

Exposure to high concentration of H2S induces a suspended animation-like state in mice and 

decreases the core body temperature 305. The hypothalamus controls body temperature; the 

hypothalamus can regulate body temperature by releasing hormones. Our study found that 

ASIC1a is abundantly expressed in the hypothalamus, and circadian expression of ASIC1a 

regulates the body temperature. Therefore, H2S may regulate the expression of ASIC1a in the 

hypothalamus under stroke conditions. The regulation of ASIC1a by H2S may induce 

hypothermia to increase neuroprotective and improve the outcome of the stroke patient. 

 

4.2 Circadian expression of ASIC1a regulates the body temperature. 

4.2.1 Circadian rhythm of body temperature 

Among the various circadian rhythms, the day and night rhythm of body temperature was found 

early has been well-studied. Body temperature has an important influence on various vital 

activities of the body, and many physiological and pathological processes can also affect body 

temperature and its rhythm 306,307. Compared with sleep-wake and other physiological rhythms, 

the period and phase of the circadian rhythm of body temperature are more stable. In this study, 

the phase shift under constant darkness conditions was significantly different between the WT 

and ASIC1a-/- mice (Figure 6C in project 2). Therefore, the circadian rhythm of body 

temperature is often used as the chronobiological indicator of the body's status, and affects the 

therapeutic effects 308,309. 

Under normal living conditions, body temperature exhibits a 24-hour rhythm. There are obvious 

circadian rhythms of body temperature in animals, but the amplitude, phase and diurnal 
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variation vary according to the animal species 256,310 . Mouse are nocturnal animals, and their 

feeding and drinking behaviors are mainly performed at night and rarely occur during the day; 

their activity level has a distinct circadian rhythm. This study revealed that there is a circadian 

rhythm of body temperature and regulated by the expression of ASIC1a. The main difference 

in body temperature between WT and ASIC1a-/- occurred at the dark period, the body 

temperature of WT mice was significantly higher at ZT16 and ZT17. However, the activity was 

no different between WT and ASIC1a-/- mice. Therefore, the body temperature difference 

between WT and ASIC1a-/- mice not depend on the mice activity. The expression of the ASIC1a 

protein was significantly increased at ZT12 in hypothalamus. The expression of thyrotropin-

releasing hormone gene (Trh) was also significantly increased at ZT13 in the hypothalamus of 

WT but not ASIC1a-/- mice. These results indicate that the body temperature difference between 

WT and ASIC1a-/- mice is depend on the expression of Trh in hypothalamus, and the expression 

of Trh was regulated by the circadian expression of ASIC1a. 

4.2.2 Regulation of circadian rhythm by the pineal gland 

Besides the SCN, the pineal gland can also regulate the circadian biological clocks in mammals. 

The pineal gland has lost its photosensitivity in mammals, but the destruction of the pineal gland 

has a significant effect on body temperature311-313. In this study, we find that the expression of 

ASIC1a has a circadian rhythm in the hypothalamus and SCN, not in the hippocampus and 

cortex. ASIC1a is widely expressed in the pineal gland, but whether the expression of ASIC1a 

has a circadian rhythm in the pineal gland is still unclear. And the pineal gland regulates 

circadian rhythmic changes in body temperature and activity in mice has not been fully 

investigated. There is a link between the pineal gland and its hormone melatonin with the 

regulation of body temperature in animals, melatonin intervenes in generating seasonal rhythms 

and decreases the body temperature 314. We analyzed all body temperature relative-hormone 

gene expression in the pituitary, but the circadian expression change of melatonin in ASIC1a-/- 

mice pineal gland still needs to test. 

4.2.3 Circadian rhythm of hormone synthesis 
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The levels in blood of many hormones shown significant circadian rhythmic variations 315. The 

concentrations of the hormones are influenced by many factors (such as ingestion, exercise, 

emotions, drugs, etc.), and the influence of these factors modifies the pattern of their circadian 

rhythmic variation. In addition, hormone concentrations and their circadian rhythms are also 

related to species, sex, and age, with significant interspecies and individual differences. This 

study found that the expression of hormone gene Tshb has a circadian rhythm and significant 

difference between WT and ASIC1a-/- mice in the pituitary. TSH synthesis and secretion is 

controlled by the TRH released from the hypothalamus 316. We also find that the expression of 

Trh in the hypothalamus has a circadian rhythm. Therefore, the body temperature regulated by 

ASIC1a may depend on the hypothalamic-pituitary-thyroid axis. Beside the hormone 

expression, the expression of TRH receptor was significantly decreased at ZT13 in the pituitary 

of ASIC1a-/- but not WT mice, and the expression of TSH receptor was significantly decreased 

at ZT13 in the thyroid gland of WT but not ASIC1a-/- mice (Figure 1 in project 2). Therefore, 

the expression of hormone receptors may regulate by the hormone release in the HPT axis. 

4.2.4 Signalling pathway of ASIC1a regulates Trh and Prl 

Both c-fos, fosb and Junb genes belong to early response genes (ERG). The FOS and JUN 

proteins form a heterodimer protein complex activator protein-l (AP-1) in the nucleus 317. 

Studies have shown that the expression of prolactin gene (Prl) and Trh is mediated by AP-1 

and depends on activating CREB 318. FOS expression in SCN under normal photoperiod had a 

circadian rhythm, and different studies have reported slightly different time points for its peak 

appearance 319. In this study, we found that the expression of Junb, not c-fos and fosb, was 

significantly increased at ZT13 in the hypothalamus of WT mice. c-fos and fosb were 

significantly increased in ASIC1a-/- mice at ZT13, but the expression of Prl and Trh were 

increased in WT mice hypothalamus at ZT13. This indicates that the expression of Trh and Prl 

in hypothalamus were regulated by the activation of ASIC1a, and this regulation may depend 

on the Akt-mTOR-JUN-CREB pathway. 
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5. Perspectives 

5.1 Regulation of ASICs by H2S. 

Recently, endogenous H2S has been recognized as a new atypical neurotransmitter, and its 

physiological and pathological roles in the brain have been widely recognized and have 

attracted great attention. Studies suggest that physiological concentrations of H2S play an 

important physiological role in enhancing long-term hippocampal-dependent memory and 

regulating neuroendocrine and cerebrovascular functions, while low or high concentrations are 

closely associated with the development of various central nervous system diseases, such as 

ischemic stroke and neuroinflammation. 

This study found that H2S regulates the expression of ASIC1a via the MAPK-Erk1/2 signaling 

pathway in culture cortex neurons. However, compared to the extensive biological studies in 

peripheral tissues, especially in the cardiovascular system, the role of H2S in the CNS is still 

not fully understood. In the future, we need to investigate the physiological and pathological 

functions of H2S regulation of ASICs in the CNS, which may provide more insight into the 

pathogenesis of certain CNS diseases and provide new diagnostic and therapeutic ideas and 

methods, with broad research prospects and applications.  

We only used exogenous H2S donors in this study. However, it is still unclear whether 

endogenous H2S can regulate ASIC, so we need to study the ASIC regulation by the endogenous 

H2S, such as exogenously expressed CBS, or by using siRNA or inhibitors to study the CBS 

regulates the ASIC expression. 

To limit the use of experimental animals, we only studied the regulation of ASIC by H2S on the 

cells, but the physiological function of ASICs regulated by H2S is still unclear. So, we need 

more in vivo testing to study physiological functions of H2S, such as study the neuroprotective 

effects of H2S in ischemic stroke mice model and the potentiation effect of H2S on ASIC1a 

dependent LTP on the hippocampus brain slice. 
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Further studies on the regulation of ASICs by endogenous H2S in CNS may be the key to finding 

new functions of H2S and polysulfides. And help us to better understanding the regulation of 

physiological and pathological processes and the inhibition of the disease progression. 

 

5.2 Circadian expression of ASIC1a in hypothalamus. 

As a fundamental physiological function in humans and other animals, body temperature 

follows a circadian rhythm. In this study, we found that the circadian rhythm of body 

temperature was regulated by the circadian expression of ASIC in the hypothalamus, and this 

issue was investigated. However, several open questions remain.  

First, this project only studied the effect of ASIC on the body temperature of mice under the 

normal light cycle, and this effect depends on the HPT axis. However, there was a significant 

difference in the wheel-running behavior phase shift of mice under constant darkness. The 

phase shift of mice body temperature under constant darkness was not investigated, this issue 

should be examined in the future.  

Second, about the mechanism study, this study found that the circadian rhythm of body 

temperature is related to hormone and neuronal activity circadian changes in the brain PVH. 

However, the neuronal type that regulates the hormone release in PVN is still unclear, and the 

circadian expression of neurotransmitter receptor/transporter is also unknown. 

Third, other conditions on the circadian rhythm of body temperatures, such as feed cycle and 

ambient temperature change, should be applied to study the relationship between body 

temperature and circadian rhythm from different perspectives. 

Fourth, hypothalamus mainly controls the regulation of body temperature, but the used mice in 

this study are whole-animal ASIC1a gene knockout mice. The circadian rhythm of 

hypothalamus neuronal activity was regulated by SCN and other brain nuclei. So, it is also 

necessary to specifically knock out ASIC1a in the mouse hypothalamus to study its function. 

Fifth, although we found that ASIC expression in the hypothalamus has a circadian rhythm, it 
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is still unclear what kind of signaling pathway regulates the circadian expression of ASIC1a. 

Does SCN regulate the circadian expression of ASIC in the hypothalamus since SCN is the 

center of circadian rhythm regulation? 

Future studies should investigate variability in a wide and representative range of ASIC1a 

expression and the regulation of circadian rhythm. These studies may be of high value for better 

knowledge of pathophysiology, diagnostic procedures and methods of treatment in circadian 

rhythm disruption.  
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