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Abstract 

Background Astrocytes  Ca2+ signaling play a central role in the modulation of neuronal function. Activation 
of metabotropic glutamate receptors (mGluR) by glutamate released during an increase in synaptic activity triggers 
coordinated  Ca2+ signals in astrocytes. Importantly, astrocytes express the  Ca2+-dependent nitric oxide (NO)-synthe-
tizing enzymes eNOS and nNOS, which might contribute to the  Ca2+ signals by triggering  Ca2+ influx or ATP release 
through the activation of connexin 43 (Cx43) hemichannels, pannexin-1 (Panx-1) channels or  Ca2+ homeostasis 
modulator 1 (CALHM1) channels. Hence, we aim to evaluate the participation of NO in the astrocytic  Ca2+ signaling 
initiated by stimulation of mGluR in primary cultures of astrocytes from rat brain cortex.

Results Astrocytes were stimulated with glutamate or t-ACPD and NO-dependent changes in  [Ca2+]i and ATP release 
were evaluated. In addition, the activity of Cx43 hemichannels, Panx-1 channels and CALHM1 channels was also ana-
lyzed. The expression of Cx43, Panx-1 and CALHM1 in astrocytes was confirmed by immunofluorescence analysis 
and both glutamate and t-ACPD induced NO-mediated activation of CALHM1 channels via direct S-nitrosylation, 
which was further confirmed by assessing CALHM1-mediated current using the two-electrode voltage clamp tech-
nique in Xenopus oocytes. Pharmacological blockade or siRNA-mediated inhibition of CALHM1 expression revealed 
that the opening of these channels provides a pathway for ATP release and the subsequent purinergic receptor-
dependent activation of Cx43 hemichannels and Panx-1 channels, which further contributes to the astrocytic  Ca2+ 
signaling.

Conclusions Our findings demonstrate that activation of CALHM1 channels through NO-mediated S-nitrosylation 
in astrocytes in vitro is critical for the generation of glutamate-initiated astrocytic  Ca2+ signaling.
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Background
Brain function relies on complex interactions in the neu-
ral network through inter- and intracellular signaling cas-
cades in which astrocytes, a subtype of glial cells, play an 
essential role. Astrocytes are multifunctional cells that 
are involved in several aspects of brain function, such as 
neuronal metabolism, synaptogenesis, homeostasis of the 
extracellular milieu and regulation of blood–brain bar-
rier permeability [1, 2]. In addition, the functional coor-
dination of local blood flow according to the changes 
in neuronal activity (i.e. neurovascular coupling) is also 
mediated by astrocytes [3–6]. Interestingly, changes 
in intracellular free  Ca2+ concentration   ([Ca2+]i) have 
emerged as the most prominent signaling in astrocytic-
regulated brain functions [7–14].

Astrocytes express a wide variety of receptors, which 
can be activated by neurotransmitters released during 
an increase in neuronal activity [15–17]. As glutamate is 
the major  excitatory signal  in the central nervous sys-
tem (CNS), the response to this neurotransmitter has 
typically been analyzed in the study of astrocyte  Ca2+ 
signaling [18–21]. In this context, glutamate-initiated 
astrocytic  Ca2+ signals are mainly mediated by the acti-
vation of metabotropic glutamate receptors (mGluR), 
which leads to an increase in  [Ca2+]i by the release of 
 Ca2+ from the intracellular  Ca2+ stores through activa-
tion of an inositol [1, 4, 5]-triphosphate  (IP3)-mediated 
pathway [17, 22–24]. More recently; however, the activa-
tion of an ATP release-initiated purinergic signaling has 
also been proposed to contribute to the astrocytic  Ca2+ 
signaling [25, 26].

Astrocytes are functionally associated with multiple 
neuronal synapses and a change in focal neuronal activ-
ity is sensed by several astrocytes [27, 28]. Then, the 
astrocyte  Ca2+ signaling must be coordinated between 
all astrocytes involved in a particular synaptic transmis-
sion to integrate the response. It is thought that connexin 
(Cx)-mediated communication plays an important role in 
the coordination of astrocyte  Ca2+ signaling [12, 29–31]. 
Cxs are protein subunits that form the intercellular chan-
nels known as gap junction, which directly connect the 
cytoplasm of two adjacent cells, allowing intercellular 
transfer of current and small solutes (< 1.4 nm of diam-
eter), such as ions and second messengers (e.g.  Ca2+ 
and  IP3). The assembly of six Cxs forms a hemichan-
nel, which docks with a hemichannel from the apposed 
plasma membrane of a neighboring cell to form a gap 
junction channel [32–34]. Undocked hemichannels at 
the plasma membrane; however, can also operate inde-
pendently to provide communication between the intra 
and extracellular compartments allowing influx of ions 
or release of paracrine/autocrine signals, such as ATP 
[35–38]. In addition to Cxs, another protein family of 

three members, termed pannexins (Panx-1, Panx-2 and 
Panx-3), also form membrane channels with similar per-
meability properties to those described for hemichannels 
[39–41]. In astrocytes, Cx30, Cx43 and Panx-1 form the 
most prominent large-pore channels described to pro-
vide a pathway for ATP release [36, 42–45]. It should 
be noted; however, that recently discovered channels, 
such as  Ca2+ homeostasis modulator 1 (CALHM1), have 
emerged as important transmembrane pathways for ATP 
release [46–49]. Although the presence of CALHM1 has 
been demonstrated in CNS, the expression of these chan-
nels has not been confirmed in astrocytes.

Opening of Cx43 hemichannels and Panx-1 channels is 
controlled by intracellular  Ca2+ and their activation may 
further contribute to amplify and coordinate the astro-
cyte  Ca2+ signals [50–53]. Importantly, Cx43 hemichan-
nels are also activated by nitric oxide (NO)-mediated 
S-nitrosylation of this Cx protein [32, 54]. In contrast, the 
effect of NO on Panx-1-formed channels is controversial 
[55, 56] and the participation of this signaling mecha-
nism on the control of CALHM1 channels has not been 
studied. Interestingly, all three isoforms of the enzyme 
that generates NO have been described to be expressed 
in astrocytes: endothelial NO synthase (eNOS), neuronal 
NO synthase (nNOS) and inducible NO synthase (iNOS) 
[57–63]. As activation of eNOS and nNOS depends on 
an increase in  [Ca2+]i, an initial  Ca2+-dependent NO 
production may be involved in the regulation of the 
metabotropic receptor-triggered astrocytic  Ca2+ signal-
ing through providing a pathway for  Ca2+ influx or ATP 
release via Cx43 hemichannels or Panx-1 channels.

In this work, we analyzed the involvement of astro-
cytic NO production in the regulation of the  Ca2+ sign-
aling triggered by glutamate in primary cultures of 
astrocytes. Our findings indicate that stimulation of 
astrocyte mGluRs is coupled to NO-mediated activation 
of CALHM1 channels via direct S-nitrosylation, which in 
turn leads to ATP release. The subsequent ATP-depend-
ent purinergic receptor stimulation induces the opening 
of Cx43 hemichannels and Panx-1 channels, which con-
tributes to the progress of the astrocytic  Ca2+ signaling.

Results
The mechanisms involved in the regulation of astrocyte-
mediated signaling initiated by the activation of glutamate 
receptors were directly evaluated by measuring the changes 
in  [Ca2+]i in primary cultures of astrocytes using Fluo-4. 
 Ca2+ levels were stable in basal conditions and application 
of 10  µM glutamate or 150  µM trans-1-amino-1,3-cyclo-
pentanedicarboxylic acid (t-ACPD), an agonist of mGluRs, 
activated a rapid increase in the Fluo-4-generated fluores-
cence signal that reached a peak 3 to 6  s after the stimu-
lation (Fig.  1A and B). While the  Ca2+ signal-triggered 
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by glutamate was transient and returned to the control 
level within ~ 40 to 50 s (Fig. 1A), the response to t-ACPD 

only dropped to a plateau of lower magnitude that slowly 
declined along the time (Fig. 1B).

Glutamate‑activated  Ca2+ signaling depends 
on NO production
The participation of NO in the regulation of the astrocytic 
 Ca2+ signaling was evaluated using  Nω-nitro-L-arginine 
(L-NA), a general NOS blocker. Surprisingly, treatment 
with 100  µM L-NA for 40  min abolished the increase in 
 [Ca2+]i activated by glutamate or t-ACPD (Fig.  1A and 
B). NO signaling is typically mediated by the activation of 
the cGMP/PKG pathway through the soluble guanylate 
cyclase. However, inhibition of cGMP production with 
10  µM 1H-[1, 2, 4] oxadiazolo[4,3-a]quinoxalin-1-one 
(ODQ, 15  min application) did not affect the glutamate-
activated  Ca2+ signaling (Fig. 1C), suggesting the involve-
ment of an alternative NO-mediated signaling pathway, 
such as protein S-nitrosylation, which has emerged as an 
important “non-classical” mechanism of NO signaling. 
Consistent with this hypothesis, treatment with 50  µM 
ascorbic acid, a reducer that can denitrosylate proteins [64], 
resulted in a similar inhibition of the astrocytic  Ca2+ signal-
ing to that observed in the presence of L-NA (Fig. 1C) and 
the response elicited by glutamate or t-ACPD was associ-
ated with a clear increase in the global level of astrocytic 
protein S-nitrosylation, as demonstrated by the immu-
nofluorescence analysis using an  anti-S-Nitroso-Cysteine 
(anti-S-NO) antibody (Fig. 2). Furthermore, the expression 
of both eNOS and nNOS in primary cultures of astrocytes 
was also confirmed by immunofluorescence analysis and 
Western blot. In contrast, the presence of iNOS was not 
apparent in these cells (Fig. 3 and, Additional file 1: Fig. S1).

The response to glutamate is associated with Cx 
hemichannel and Panx‑1 channel opening
As NO-mediated S-nitrosylation has been reported to 
control the function of Cx hemichannels and Panx-1 

Fig. 1 The  Ca2+ signaling initiated by the activation of metabotropic 
glutamate receptors (mGluRs) in primary cultures of astrocytes relies 
on a cGMP-independent NO-mediated pathway. A Time course 
of the increase in  [Ca2+]i observed in primary cultures of astrocytes 
in response to 10 µM glutamate before (control) and after blocking 
NO production with 100 µM  Nω-nitro-L-arginine (L-NA). B Time 
course of the  Ca2+ signaling evoked by the stimulation of mGluRs 
with t-ACPD in control conditions and in the presence of L-NA. 
Horizontal bars indicate the period of stimulation. C, Maximal 
increment in  [Ca2+]i induced by glutamate in control conditions 
and after treating the astrocyte cultures with 10 µM ODQ, a soluble 
guanylyl cyclase inhibitor, or 50 µM ascorbic acid (AA), a potent 
reducer. Values are means ± SEM. *P < 0.05 vs Control by two-way 
ANOVA. †P < 0.05 vs Control by one-way ANOVA plus Bonferroni 
post hoc test
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channels, we evaluated the participation of these chan-
nels in the astrocytic  Ca2+ signaling by assessing ethid-
ium uptake. In line with the activation of this signaling 
pathway, glutamate activated an increase in ethidium 
uptake that was strongly inhibited by the treatment 
for 15  min with the Cx blocking peptide 37,43Gap27 

(100 µM) or the Panx-1 channel blocker 10Panx (100 µM, 
Fig. 4A and Additional file 1: Fig. S2). It should be noted 
that application of Cx blocking peptides for short peri-
ods of time (< 45  min) only inhibits hemichannel activ-
ity, without affecting gap junction channels, which are 
blocked by longer treatment with these peptides (> 1  h) 

Fig. 2 Activation of metabotropic glutamate receptors (mGluRs) in primary cultures of astrocytes evokes NO-dependent S-nitrosylation. A 
Immunofluorescence analysis of total protein S-nitrosylation in primary cultures of astrocytes in response to the stimulation with glutamate 
or t-ACPD in control conditions and after the inhibition of NO production with 100 µM  Nω-nitro-L-arginine (L-NA). The effect of the vehicle 
of glutamate and t-ACPD is also shown. B and C Fluorescence intensity analysis of the protein S-nitrosylation observed in the experiments shown 
in A. Changes in fluorescence intensity are expressed in arbitrary units (A.U.). Values are means ± SEM. *P < 0.05 vs Control by one-way ANOVA 
plus Bonferroni post hoc test
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[65, 66]. Interestingly, the increment in ethidium uptake 
was also blocked by L-NA (Fig.  4A and Additional 
file  1: Fig. S2), but not by 40  min application of 60  nM 
 Nω-propyl-L-arginine (Fig. 4B and Additional file 1: Fig. 
S2), a selective inhibitor of nNOS, which, in conjunc-
tion, suggest that the response to glutamate is associated 
with the opening of Cx hemichannels and Panx-1 chan-
nels through a mechanism triggered by eNOS-mediated 
NO production. In addition to ethidium uptake, treat-
ment with 37,43Gap27 or 10Panx attenuated the gluta-
mate-evoked increase in  [Ca2+]i (Fig.  4C), confirming 
the relevance of the Cx and Panx-1-dependent signaling 
pathway initiated by eNOS in the response to glutamate.

Cx hemichannels and Panx-1 channels can contrib-
ute to the astrocytic  Ca2+ signal by providing a pathway 
for ATP release and the subsequent purinergic receptor 
activation. However, blockade of purinergic receptors 
by the treatment with 100  µM Pyridoxalphosphate-6-
azophenyl-2′,4′-disulfonic acid (PPADS) for 15  min 

not only inhibited the glutamate-elicited  Ca2+ signal-
ing (Fig. 5A), but also abolished the associated increase 
in ethidium uptake (Fig.  5B), which indicates that Cx 
hemichannel and Panx-1 channel activation is found 
downstream of ATP release. Consistent with this 
notion, 37,43Gap27 or 10Panx application did not result 
in a significant reduction of the ATP release evoked 
by glutamate (Fig. 5C), but, in contrast, these peptides 
abolished the increase in  [Ca2+]i elicited by direct ATP 
application (Fig. 5D) or the ATP-mediated component 
of the propagation to neighboring cells of the  Ca2+ 
signaling activated by single cell mechanical stimula-
tion (Additional file 1: Fig. S3). It is important to note; 
however, that L-NA clearly blocked the glutamate- or 
t-ACPD-evoked ATP release (Fig.  5C and Additional 
file 1: Fig. S4). Taken together, these results suggest that 
glutamate triggers the activation of an alternative NO-
dependent mechanism of ATP release that leads to Cx 
hemichannel and Panx-1 channel opening through the 

Fig. 3 The nitric oxide synthase (NOS) isoforms endothelial (eNOS) and neuronal (nNOS), but not the inducible (iNOS), are found in astrocytes. 
Detection of the expression of eNOS, nNOS and iNOS (red) by co-immunofluorescence analysis with glial fibrillary acidic protein (GFAP, green) 
in primary cultures of astrocytes. The cell nuclei are highlighted by the staining with DAPI (blue)
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stimulation of a purinergic receptor-mediated pathway, 
which provides a critical contribution to the  Ca2+ sign-
aling initiated by glutamate.

Glutamate‑evoked  Ca2+ signaling depends on CALHM1 
channel‑mediated ATP release
CALHM1 channels have emerged as an efficient pathway 
for ATP release, which prompted us to evaluate the par-
ticipation of these channels in the response to glutamate. 
In agreement with the participation of these channels, 
the increase in  [Ca2+]i, ethidium uptake, and ATP release 
attained in response to glutamate was abolished in the 
presence of Ruthenium Red (RuR, 20 µM for 15 min), a 
blocker of CALHM1 channels (Fig.  5A–C). In addition, 
the expression of CALHM1 was confirmed by Western 
blot and immunofluorescence analyses in primary cul-
tures of astrocytes and in rat brain sections (Additional 
file 1: Figs. S5–S7). However, we note that RuR can also 
affect the activity of TRPV channels, Piezo channels, 
and Ryanodine receptors (RyR) in addition to CALHM1 
channels [67–69]. Therefore, to confirm the participa-
tion of CALHM1 in the response to glutamate, primary 
cultures of astrocytes were treated with a small interfer-
ence RNA (siRNA) designed to selectively inhibit the 
expression of CALHM1 (siCALHM1) or a scrambled 
siRNA, as control (siControl). As expected, the treat-
ment with siCALHM1 resulted in a drastic reduction of 
CALHM1 signal observed by immunofluorescence stain-
ing (Fig. 6A) as well as by Western blot analysis (Fig. 6B 
and Additional file 1: Fig. S7). In addition, the inhibition 
of CALHM1 expression was also associated with a strong 
reduction in the increase of  [Ca2+]i, ethidium uptake, and 
ATP release (Fig. 6E, F and G), similar to that observed 

Fig. 4 The glutamate-initiated  Ca2+ signaling in astrocytes 
is mediated by the opening of Cx hemichannels and Panx-1 
channels. A Time course of the increase in ethidium uptake observed 
in primary cultures of astrocytes in response to 10 µM glutamate 
in control conditions and in the presence of the mimetic peptides 
37,43Gap27 (100 µM) or 10Panx (100 µM) or the NOS inhibitor 
 Nω-nitro-L-arginine (L-NA, 100 µM). The peptide 37,43Gap27 is a blocker 
of hemichannels formed by Cx37 or Cx43 and 10Panx is an inhibitor 
of the channels formed by Panx-1. B Time course of the increment 
in ethidium uptake attained before and after the treatment 
with 60 nM  Nω-Propyl-L-Arginine  (Nω-Propyl-L-Arg), a selective 
inhibitor of the neuronal nitric oxide synthase isoform. Horizontal 
bars indicate the period of stimulation. C Time course of the increase 
in  [Ca2+]i induced by glutamate in control conditions and in the 
presence of 37,43Gap27 or 10Panx. Values are means ± SEM. *P < 0.05 vs 
Control by one-way ANOVA plus Bonferroni post hoc test
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Fig. 5 The Cx hemichannel- and Panx-1 channel-mediated  Ca2+ signaling depends on the activation of purinergic receptors. A Time course 
of the increase in  [Ca2+]i induced in primary cultures of astrocytes by 10 µM glutamate in control conditions and after the blockade of purinergic 
receptors with 100 µM PPADS or the inhibition of CALHM1 channels with 20 µM ruthenium red (RuR). B Analysis of the increase in ethidium uptake 
rate induced by glutamate in control conditions and in the presence of PPADS or RuR. The rate of ethidium uptake was assessed by calculating 
the slope of the increase in fluorescence intensity (expressed as arbitrary units, AU) along the time in basal conditions and during the stimulation 
with glutamate. C ATP release evoked by glutamate in control conditions and after the treatment with 100 µM  Nω-nitro-L-arginine (L-NA) to inhibit 
NO production, the mimetic peptide 37,43Gap27 (Gap27, 100 µM) to block hemichannels formed by Cx37 or Cx43, 10Panx (100 µM) to block Panx1 
channels or RuR. ATP was measured after 3 min of stimulation with glutamate. Numbers inside the bars indicate the n value. D Time course 
of the increase in  [Ca2+]i elicited by 100 nM ATP in primary cultures of astrocytes in control conditions and in the presence of 37,43Gap27 or 10Panx. 
Values are means ± SEM. *P < 0.05 vs Control by one-way ANOVA plus Bonferroni post hoc test. †P < 0.05 vs Baseline by paired Student’s t-test

Fig. 6 The increase in  [Ca2+]i, activation of Cx hemichannels and Panx-1 channels and ATP release induced by glutamate depends 
on the expression of CALHM1 channels. A Detection of the expression of CALMH1 (red) by co-immunofluorescence analysis with glial fibrillary 
acidic protein (GFAP, green) in primary cultures of astrocytes treated with a control siRNA (siControl) or a siRNA directed against Calhm1 (siCALHM1). 
The cell nuclei are highlighted by the staining with DAPI (blue). B–D Representative Western blot and densitometric analysis of CALHM1 (B), Cx43 
(C) and Panx-1 (D) expression in the primary cultures of astrocytes shown in A. Numbers inside the bars indicate the n value. The whole images 
of the representative Western blots are shown in Additional file 1: Fig. S7. E, Maximal increase in  [Ca2+]i observed in response to 10 µM glutamate 
in astrocytes cultures treated with siControl or siCALHM1. F Time course of the increase in ethidium uptake induced by 10 µM glutamate in primary 
cultures of astrocytes treated with siControl or siCALHM1. The horizontal bar indicates the stimulation period. G ATP release attained 3 min 
after the stimulation with glutamate in the same conditions than those shown in E and F. Values are means ± SEM. *P < 0.05 vs siControl by unpaired 
Student’s t-test. †P < 0.05 vs siControl by two-way ANOVA

(See figure on next page.)
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with the application of RuR (Fig.  5). It should be noted 
that the siCALHM1 treatment did not affect the 

expression of Cx43 or Panx-1 (Fig. 6C, D and, Additional 
file 1: Fig. S7).

Fig. 6 (See legend on previous page.)
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In combination, these results indicate that the 
response evoked by glutamate relies on the activation 
of a NO-initiated, ATP-dependent signaling pathway 
that appears to be mediated by S-nitrosylation. There-
fore, to evaluate the possible functional regulation of 
CALHM1 by NO production, we assessed the spatial 
relation between this protein with eNOS and nNOS by 
Proximity Ligation Assay (PLA) and the direct CALHM1 
S-nitrosylation by Biotin Switch and immunoprecipita-
tion. Interestingly, in line with the divergent effect of 
L-NA and  Nω-propyl-L-arginine on the activation of Cx 
hemichannels and Panx-1 channels (Fig.  4), the analysis 
of PLA revealed that CALHM1 is found in close spatial 
proximity with eNOS, but not with nNOS (Fig. 7A). As 
expected, PLA signal was negative in control experiments 

in which primary antibodies were omitted (Fig.  7A). In 
addition to the association with eNOS, the Biotin Switch 
analysis showed that stimulation with glutamate leads to 
an increase in the level of S-nitrosylation of CALHM1 
(Fig.  7B), which was confirmed by Western blot detec-
tion of S-nitrosylated cysteine residues in astrocyte 
samples subjected to CALHM1 immunoprecipitation 
(Fig.  7C). The glutamate-evoked increase in CALHM1 
S-nitrosylation was prevented by the blockade of NO 
production with L-NA (Fig. 7B). Then, these results indi-
cate that NO-mediated S-nitrosylation is a critical event 
of the response activated by glutamate and, consistent 
with this notion, stimulation with 3 µM S-nitroso acetyl 
penicillamine (SNAP), a NO donor, evoked an increase 
in CALHM1 S-nitrosylation similar to that observed in 

Fig. 7 Stimulation with glutamate is associated with the S-nitrosylation of CALHM1 in primary cultures of astrocytes. A Analysis performed 
through Proximity Ligation Assay (PLA) of the spatial association of eNOS or nNOS with CALHM1. Note that CALHM1 is associated with eNOS, 
but not with nNOS. A control in which primary antibodies were omitted (negative control) is also shown. B Representative Western blots (left) 
and densitometric analysis (right) of the changes in the levels of CALHM1 S-nitrosylation (CALHM1 S-NO) detected by biotin switch in primary 
cultures of astrocytes 3 min after the stimulation with 10 µM glutamate (Glut), 3 µM SNAP or the vehicle of glutamate (Vh). In addition, the effect 
of the inhibition of NO production with 100 µM  Nω-nitro-L-arginine (L-NA) on the glutamate-elicited increase in CALHM1 S-NO is also shown. 
Variations in the level of CALHM1 S-NO are expressed in arbitrary units (A.U.). C Representative Western blot (WB) of CALHM1 S-nitrosylation 
using an anti-S-Nitroso-Cysteine antibody in astrocytes samples previously submitted to CALHM1 immunoprecipitation (IP). *P < 0.05 vs Vehicle 
by unpaired Student’s t-test
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response to glutamate (Fig. 7B) and a RuR-sensitive  Ca2+ 
signaling (Additional file 1: Fig. S8).

CALHM1 channel opening is enhanced by NO‑mediated 
S‑nitrosylation
To directly demonstrate that NO activates CALHM1 
channels, we assessed the effect of SNAP on CALHM1 
currents using the two-electrode voltage-clamp tech-
nique. In oocytes expressing CALHM1 channels, 
application of 10  µM SNAP induced an increase in 
CALHM1-mediated currents observed at positive mem-
brane potentials (Fig.  8A and B). In contrast, plasma 
membrane conductance was not affected by 10 µM SNAP 
in control oocytes (non-injected) at all tested voltages 
(Fig. 8A and B). In CALHM1 expressing oocytes, SNAP 
application evoked a fourfold increase in the currents 
attained at 0 mV (Fig. 8C). Consistent with the involve-
ment of NO-mediated S-nitrosylation in the SNAP-
induced CALHM1 current potentiation, the response 
was not sensitive to the inhibition of soluble guanylate 
cyclase with 10 µM ODQ, but, in contrast, it was strongly 
reduced by the treatment with ascorbic acid (Fig.  8A–
C). In addition, 20  µM RuR abolished the NO-induced 
CALHM1 current potentiation (Fig. 8A–C).

Next, we analyzed the time course of the CALHM1 
currents observed in response to SNAP during a depo-
larizing pulse from − 80 to 20  mV. Figure  8D shows a 
representative trace of the rate of current change before 
and after NO donor application in an oocyte expressing 
CALHM1 channels. Stimulation with NO, after the stabi-
lization of the current at 200 s, elicited an increase in the 
inward current that reached a maximum at ~ 800  s and 
further application of 20  µM RuR resulted in a gradual 
reduction in the inward current, which returned to the 
initial values observed previous SNAP application. Over-
all, these results suggest that NO activates CALHM1 
channels by S-nitrosylation, which was biochemically 
confirmed by the biotin switch assay, since S-nitros-
ylated CALHM1 was only detected in oocytes expressing 

CALHM1 proteins that were stimulated with 10  µM 
SNAP (Fig. 8E).

Discussion
Astrocytes have emerged as a key cellular pathway in 
the modulation of the intercellular communication net-
work in the brain and intracellular  Ca2+ is an essential 
signaling for astrocyte function [7, 70]. It is thought that 
ATP release via Cx43 hemichannels and Panx-1 chan-
nels is involved in the control and coordination of astro-
cyte-mediated  Ca2+ signaling [36, 42]. However, in the 
present work, we found that glutamate-induced  Ca2+ 
signaling depended on previously unrecognized players 
in rat astrocytes in vitro. Our results indicate that astro-
cytic ATP release attained in response to glutamate is 
mainly mediated by CALHM1 channels. The mechanism 
involved in this response is initiated by mGluR-depended 
NO signaling, which leads to CALHM1 channel open-
ing by S-nitrosylation and the subsequent ATP release 
through these channels. The subsequent purinergic 
signaling triggered by ATP release amplifies the initial 
mGluR-mediated astrocytic  Ca2+ signal via the activation 
of Cx43 hemichannels and Panx-1 channels.

NO is a very versatile signaling molecule that plays 
critical roles in both physiological and pathophysiologi-
cal conditions [71, 72]. In the CNS, NO is an important 
regulator of brain function that can be released by pre- 
or post-synaptic endings to work as anterograde or ret-
rograde neurotransmitter [73]. However, in addition to 
neurons, the expression of different isoforms of NO-syn-
thetizing enzymes has also been observed in astrocytes 
in physiological conditions [57, 61]. Although NO signal-
ing in these glial cells has not attracted much attention, in 
the present study, we demonstrated that inhibition of NO 
production prevented the increase in astrocytic  [Ca2+]i 
activated by the stimulation of mGluR with glutamate or 
t-ACPD (Fig. 1), which indicates that NO plays a central 
role in the control of astrocyte function. The response to 
NO production is classically mediated by the activation 

Fig. 8 NO activates CALHM1 channels in a heterologous expression system. A Representative current traces before and after application of 10 μM 
SNAP in a non-injected oocytes (NI) or oocytes expressing CALHM1 obtained at 1.8 mM extracellular  Ca2+. Three CALHM1 expressing oocytes 
were additionally treated with 50 µM ascorbic acid, 10 µM ODQ or 20 µM ruthenium red (RuR). Oocytes were clamped to − 80 mV, and square 
pulses from − 80 mV to + 40 mV (in 10 mV steps) were then applied for 2 s. At the end of each pulse, the membrane potential was returned 
to − 80 mV. Note that ODQ did not affect NO-induced CALHM1 currents. B Normalized currents were obtained from the ratio between recorded 
current after and before 10 µM SNAP treatment. C Normalized currents at 0 mV oocytes resting membrane potential before and after 10 µM SNAP 
stimulation. Comparisons between groups were made using two-way ANOVA plus Tukey post-hoc test, *P < 0.05 vs Non-Injected (NI). D Time course 
of tail current peaks after reaching current saturation during a depolarizing pulses from − 80 to 20 mV (yellow box). Tail current peaks were obtained 
in the absence and presence of SNAP, and during RuR application. E Representative Western blot showing the expression and NO-mediated 
S-nitrosylation of CALHM1 in oocytes. From left to right, the first two lanes correspond to Western blots in non-injected oocytes (NI) and oocytes 
expressing CALHM1, and the next two lanes show the Biotin Switch analysis of CALHM1 S-nitrosylation observed in oocytes expressing CALHM1 
in control conditions (lane 3) and after the stimulation with SNAP (lane 4)

(See figure on next page.)
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of soluble guanylate cyclase and the cGMP/PKG pathway 
[74], but, interestingly, blockade of cGMP production did 
not affect the glutamate-induced astrocyte  Ca2+ sign-
aling (Fig.  1), suggesting the involvement of an alterna-
tive mechanism of NO signaling, such as NO-dependent 

S-nitrosylation. Consistent with this hypothesis, the 
response to glutamate and t-ACPD was associated with a 
striking increase in global protein S-nitrosylation (Fig. 2) 
that was fully prevented by the treatment with L-NA. It 
is important to note that we confirmed the presence of 

Fig. 8 (See legend on previous page.)
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eNOS and nNOS in primary cultures of brain cortex 
astrocytes (Fig. 3). As expected, the expression of iNOS 
was undetectable, which is in line with previous reports 
showing that the expression level of this NOS isoform is 
very low in physiological conditions and is upregulated in 
activated astrocytes [62].

Activation of eNOS or nNOS depends on an increase 
in  [Ca2+]i and NO production by astrocytes has been 
observed to participate in the control of astrocytic spon-
taneous  Ca2+ transients [75] and in the astrocytic ATP 
release [76]. Although the increase in  [Ca2+]i triggered by 
the stimulation of mGluR in astrocytes is initiated by the 
release of intracellular  Ca2+ from the endoplasmic reticu-
lum store, the contribution to the response of purinergic 
P2 receptor activation through astrocytic ATP release has 
also been recognized [77]. In this context, Cx hemichan-
nels and Panx-1 channels have been found to provide 
an important pathway for ATP release in astrocytes [36, 
42]. Cx30 and Cx43 are the most prominent Cx proteins 
expressed in astrocytes and, in these cells, NO-mediated 
S-nitrosylation has been reported to control the open-
ing of Cx43-formed hemichannels [32]. In addition, NO 
has also been shown to affect the Panx-1 channel func-
tion through the cGMP pathway or directly by S-nitros-
ylation [55, 56]. In agreement with these observations, 
we confirmed the activation of Cx43 hemichannels and 
Panx-1 channels in the glutamate-initiated astrocytic 
 Ca2+ signaling by a NO-dependent pathway (Fig.  4). 
However, the opening of Cx43 hemichannels or Panx-1 
channels did not provide the main pathway for ATP 
release in response to glutamate and, in contrast to this 
notion, the opening of these channels was a consequence 
of the purinergic receptor activation, most likely, by ATP 
(Fig.  5). Taken together, these results indicate that the 
mGluR signaling is coupled to the activation of an alter-
native NO-dependent mechanism of ATP release that, 
subsequently, leads to the opening of Cx43 hemichan-
nels and Panx-1 channels through the stimulation of a 
purinergic receptor-mediated pathway. It is interesting to 
note that although both isoforms, eNOS and nNOS, were 
detected in the primary cultures of astrocytes (Fig.  3), 
the NO production that triggered the ATP-mediated 
signaling cascade can mostly be attributed to the spe-
cific activation of eNOS, because the opening of Cx43 
hemichannels and Panx-1 channels was prevented by the 
general NOS blocker L-NA, but not by selective nNOS 
inhibition with  Nω-propyl-L-arginine (Fig. 4).

As Cx43 hemichannels and Panx-1 channels did not 
account for the ATP release observed in response to 
glutamate, we analyzed the potential participation of 
CALHM1 channels in the astrocytic ATP signaling. 
CALHM1 is a plasma membrane protein that exhibit a 
similar topology of Cxs and forms channels with a pore 

functional diameter of ~ 1.42 nm at its narrowest region 
[78, 79]. Although these channels were initially thought 
to be formed by the assembly of six CALHM1 mono-
mers, recently, Cryo-electron microscopy analyses have 
led to propose that they present an octameric architec-
ture [80]. CALHM1 channels were first involved in the 
regulation of  Ca2+ signaling in the brain and, in this con-
text, it was suggested that they participate in the control 
of neuronal excitability and in the long-term synaptic 
potentiation [81, 82]. Nevertheless, more recently, the 
attention has been focused on the ATP-releasing func-
tion of these channels that has been observed in several 
tissues [48]. Although the relevance of CALHM1 as a 
pathway for ATP release has not been determined in the 
brain, our data strongly suggest that CALHM1 channels 
mediate the transmembrane ATP signaling triggered by 
glutamate in astrocytes. In line with this notion, treat-
ment of primary cultures of astrocytes with RuR, a non-
specific CALHM1 blocker, or with a siRNA designed to 
downregulate the CALHM1 expression not only pre-
vented the glutamate-induced ATP release, but also 
abolished the increase in  [Ca2+]i and the Cx43 hemichan-
nel- and Panx-1 channel-mediated ethidium uptake 
observed in response to mGluR stimulation (Figs. 5 and 
6). It is important to note that these results are not only 
supported by the demonstration that the siRNA-induced 
downregulation of CALHM1 did not affect the expres-
sion of Cx43 or Panx-1 (Fig. 6), but also by the detection 
of CALHM1 expression in astrocytes in both primary 
cultures and intact brain sections (Fig. 6 and Additional 
file 1: Fig. S5, S6). In this context, we note that the immu-
nofluorescence analysis shows that CALHM1 is found in 
plasma membrane, as expected, but also in intracellular 
compartments, which is consistent with the cellular dis-
tribution of this protein observed previously, where the 
expression of CALHM1 was strongly detected in endo-
plasmic reticulum and plasma membrane [83, 84]. Taken 
together, these results indicate that astrocytes express 
CALHM1 and the channels formed by this protein pro-
vide a critical pathway for the ATP release-triggered 
signaling initiated by the activation of mGluR, which is 
very likely to play a central role in the astrocyte-mediated 
modulation of synaptic activity.

In addition to provide the main transmembrane path-
way for ATP release in the response of astrocytes to glu-
tamate, CALHM1 channels are also permeable to  Ca2+ 
[78, 79], and therefore, in parallel to trigger the activa-
tion of the ATP release-mediated signaling, these chan-
nels might participate in the initial increase in  [Ca2+]i. 
In this line and consistent with a direct contribution of 
a  Ca2+ influx through CALHM1 channels, blockade of 
the activity (RuR) or the expression (siRNA-mediated 
downregulation) of these channels completely abolished 
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the glutamate-activated  Ca2+ signaling, whereas a com-
ponent of the response prevailed after inhibiting the 
ATP-dependent downstream signaling events with 
PPADS or the blocking peptides 37,43Gap27 and 10Panx 
(Figs. 4 and 5). Interestingly, the magnitude of the reduc-
tion in the  Ca2+ signaling attained with the inhibition 
of purinergic receptors, Cx43 hemichannels or Panx-1 
channels was not statistically different (Additional 
file  1: Fig. S9) and the increment in  [Ca2+]i observed in 
response to ATP application was prevented by 37,43Gap27 
and 10Panx (Fig.  5), which confirms that Cx hemichan-
nel and Panx-1 channel opening is downstream of ATP 
release and suggests that the ATP-induced  Ca2+ signal-
ing is mostly dependent on the activation of these chan-
nels. Interestingly, astrocytes are functionally coupled 
and, in addition to gap junctions, ATP release provides 
an important pathway for the propagation of  Ca2+ signals 
through neighboring astrocytes by the activation of Cx43 
hemichannels and Panx-1 channels (Additional file 1: Fig. 
S3), although the mechanisms involved in this response 
require further investigation.

The increase in astrocytic  [Ca2+]i evoked by glutamate 
depended on the activation of a cGMP-independent, 
NO-mediated signaling and the response initiated by 
mGluR stimulation was associated with a strong incre-
ment in total protein S-nitrosylation (Figs.  1 and 2), 
suggesting the involvement of this posttranslational mod-
ification in the response. In contrast to the NO-initiated 
cGMP pathway, the activation of the S-nitrosylation sign-
aling mechanism is preferentially observed close to the 
NO source, where NO concentration is higher [85]. In 
this context, it is interesting to note that the PLA analysis 
revealed that CALHM1 is found in close spatial associa-
tion with eNOS, but not with nNOS (Fig. 7), which fur-
ther supports the involvement of the endothelial isoform 
of the enzyme in the activation of the CALHM1 channel-
mediated mechanism that controls the glutamate-elicited 
 Ca2+ signaling in astrocytes. Interestingly, the associa-
tion of CALHM1 with eNOS was observed in both in 
the intracellular compartment and in the plasma mem-
brane, which suggest that eNOS may also regulate the 
trafficking of CALHM1. In addition, consistent with the 
notion that the interaction between CALHM1 and eNOS 
is functional, our results indicate that the response acti-
vated by glutamate is associated with a notable increase 
in CALHM1 S-nitrosylation (Fig. 7), which supports the 
proposal that CALHM1 channels are directly activated 
by NO-mediated S-nitrosylation of this protein. To con-
firm this hypothesis, we directly analyzed the effect of 
NO on the activity of CALHM1 channels expressed in 
oocytes. Consistent with the NO-dependent opening 
of CALHM1 channels observed in primary cultures of 
astrocytes, activation of these channels by depolarizing 

voltage steps was dramatically augmented in the pres-
ence of NO, which was also associated with CALHM1 
S-nitrosylation (Fig. 8).

Conclusion
Our data indicate that astrocytes express functional 
CALHM1 channels, and the presence of these channels 
plays a critical role in a complex signaling pathway that 
leads to the generation of the astrocytic  Ca2+ signal-
ing triggered by glutamate. Activation of mGluR is cou-
pled to an increase in eNOS-mediated NO production, 
which, in turn, elicits the S-nitrosylation of CALHM1, 
with the consequent activation of the channels formed by 
this protein. Finally, CALHM1 channel opening is essen-
tial to amplify the intracellular  Ca2+ store-initiated  Ca2+ 
signaling by providing a pathway for ATP release and the 
sequential activation of P2 receptors, Cx43 hemichannels 
and Panx-1 channels (Fig. 9). Changes in  [Ca2+]i account 
for astrocyte excitability; therefore, the findings of the 
present work suggest that the NO/CALHM1 channel 
signaling pathway plays a key role in astrocyte function.

Methods
Neonatal Sprague–Dawley rats of 1-to-2-day-old were 
obtained from the Research Animal Facility of the Pon-
tificia Universidad Católica de Chile. All studies were 
approved by the Institutional Bioethics Committee (pro-
tocol ID 170321004) and the experiments were con-
ducted according to the Helsinki Declaration and the 
Guiding Principles in the Care and Use of Laboratory 
Animals endorsed by the American Physiological Society.

Primary cultures of astrocytes
Primary cultures of astrocytes were prepared from brain 
cortex of 1-to-2-day-old neonatal rats as described previ-
ously by Schildge et  al. [86]. Briefly, brain cortices were 
dissected free of meninges and minced in cool phos-
phate-buffered saline (PBS) and incubated at 37  °C for 
30  min in a PBS solution containing 5  mM EDTA and 
0.25% Trypsin (Biological Industries, Cromwell, Con-
necticut, USA Cat. #03–051-5B). After removing the 
enzyme solution, cells were pelleted and resuspended in 
DMEM culture medium (Gibco® by Life Technologies™, 
Carlsbad, California, USA Cat. #31,600–034) supple-
mented with 3.7 g/L  NaHCO3, 10% FBS (Gibco® by Life 
Technologies™, Carlsbad, California, USA Cat. #16,000–
044), 100 units/ml penicillin, 100  µg/ml streptomycin 
and 0.25 µg/ml fungizone (Gibco® by Life Technologies™, 
Carlsbad, California, USA, Cat. #15,240). Thus, cells were 
plated in T75 Nunc flask and grown for ∼ 1 week at 37 °C 
in a 5%  CO2─95% air atmosphere at nearly 100% relative 



Page 14 of 19Puebla et al. Biological Research           (2024) 57:19 

humidity to reach a confluence of ~ 80% and the cell cul-
ture was shaken (200 rpm) for 20 h at 37 °C to separate 
astrocytes from neurons, microglia and oligodendro-
cytes, as demonstrated by Schildge et al. [86]. The purity 
of astrocyte cultures was confirmed by immunofluores-
cence analysis (Additional file  1: Fig. S10). Astrocytes 
were seeded onto sterile glass coverslips and the experi-
ments were performed after 2 or 3 days in astrocyte cul-
tures with a confluence of 70 to 80% in which the culture 
media was replaced by a MOPS-buffered Tyrode saline 
solution (in mM: NaCl 118; KCl 5.4;  CaCl2 2.5;  KH2PO4 
1.2;  MgSO4 1.2; MOPS 10; glucose 11, pH 7.4).

Measurement of changes in intracellular  Ca2+ 
concentration
Changes in  [Ca2+]i were detected using the fluorescent 
 Ca2+ indicator, Fluo 4 (Life Technologies™, Carlsbad, 
California, USA Cat. #F23917). Primary cultures of astro-
cytes were incubated with 10 µM Fluo 4-AM for 1 h at 
room temperature (~ 25 °C) to upload the cells with Fluo 
4 and changes in  [Ca2+]i were analyzed after 20  min of 
equilibration. Fluo 4-AM was dissolved in DMSO and, 
thus, prepared in MOPS-buffered Tyrode saline solution. 

The fluorescent signal was recorded by epifluorescence 
(exciter: 470–490 nm, band pass filter; emission; 515 nm, 
long pass filter) using an Olympus BX50 WI microscope 
and an intensified CCD camera (Retiga Fast 1394, Q 
Imaging).

Image acquisition and data analysis were performed 
using IPLab software (Scanalytics, Inc). Images of astro-
cytes were acquired at a frequency of 3 s in time-lapse 
experiments and the fluorescence intensity was analyzed 
using the software ImageJ (U. S. National Institutes of 
Health, Bethesda, Maryland, USA). Variations in Fluo-4 
fluorescence of each cell in the microscope field were 
analyzed and changes in  [Ca2+]i were expressed as the 
ratio, F/F0, where F is the fluorescence observed during 
the stimulation period and  F0 is the baseline fluores-
cence value. The average of all analyzed cells in an experi-
ment was considered one measurement, and then, the n 
value indicates the number of independent cell cultures. 
Hence, no change in Fluo-4 fluorescence corresponds to 
Fluo-4 ratio=l.

Fig. 9 Schematic model of the signaling events that mediate the increase in  [Ca2+]i initiated by metabotropic glutamate receptor (mGluR) 
activation in astrocytes. Glutamate released during an increase in neuronal activity can exit the synaptic cleft and activate receptors on astrocyte 
processes. The activation of astrocyte mGluRs leads to an initial increase in  [Ca2+]i by the release of  Ca2+ from the intracellular  Ca2+ stores 
through activation of an inositol (1,4,5)-triphosphate  (IP3)-mediated pathway. This astrocytic  Ca2+ signal triggers an increment in nitric oxide (NO) 
production by the endothelial NO synthase isoform (eNOS), which, in turn, evokes the opening of CALHM1 channels by the S-nitrosylation of this 
protein. The activation of CALHM1 channels play a pivotal role in the response by providing a pathway for ATP release and the sequential activation 
of P2 receptors (P2R), leading to the opening of Cx43 hemichannels and Panx-1 channels. Finally, the  Ca2+ influx through these membrane 
channels contributes to amplify the intracellular  Ca2+ store-initiated  Ca2+ signaling. In addition, the increase in  [Ca2+]i can be coordinated 
through the propagation of an inter-astrocyte  Ca2+ signal via ATP release or directly by gap junction communication (GJ)
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Activity of connexin hemichannels and pannexin channels
Opening of Panx channels or Cx hemichannels was 
evaluated by measuring ethidium uptake, as described 
previously [87]. Primary cultures of astrocytes plated 
on glass cover slips were incubated in MOPS-buffered 
Tyrode solution containing 5  µM ethidium bromide 
and the ethidium fluorescence signal was recorded over 
time. Fluorescence intensity of ethidium intercalated in 
nucleic acids was examined by epifluorescence (exciter: 
530–550 nm, emission: 590 nm) using an Olympus BX50 
WI microscope and intensified CCD camera (Retiga 
Fast 1394, Q Imaging) controlled by the IP Lab software 
(Scanalytics, Inc). Images were acquired every 30  s in 
time-lapse experiments and the fluorescence intensity 
was analyzed using the software ImageJ (U. S. National 
Institutes of Health, Bethesda, Maryland, USA). Changes 
in the fluorescence intensity of each cell in the micro-
scope field were averaged and expressed as the variations 
of the fluorescence intensity, F/F0, where F is the fluores-
cence observed during the stimulation period and  F0 is 
the baseline fluorescence value.

Electrophysiology
The two-electrode voltage clamp (TEVC) technique 
and Xenopus oocytes were used to evaluate the activation 
of CALHM1 currents in response to SNAP, a NO donor. 
Oocytes were enzymatically obtained from ovaries of 
female Xenopus laevis that were purchased from Xenopus 
Express. The human CALHM1 clone was commercially 
synthesized by Epoch Life Science and Nhe1-linearized 
hCALHM1 was transcribed in vitro to cRNAs using the 
T7 Message Machine kit (Ambion). Electrophysiological 
data were collected at room temperature (20  °C–22  °C) 
using pCLAMP10 software (Molecular Devices Corpo-
ration). The extracellular recording solutions contained 
(in mM) 118 NaCl, 2 KCl, and 5 HEPES and 1.8  Ca2+ (pH 
7.4). Currents from oocytes were recorded 1–2  days 
after cRNA injection, using a Warner OC-725 ampli-
fier (Warner Instruments), and were sampled at 2  kHz 
with a low-pass filter at 0.5  kHz. Microelectrode resist-
ances were between 0.1 and 1.2 MΩ when filled with 3 M 
KCl. CALHM1 currents were assessed in control condi-
tions and 10 min after SNAP application. Oocytes were 
injected with 120 μM BAPTA before TEVC recordings to 
prevent the activation of chloride currents by  Ca2+. We 
used at least three oocytes per each independent frog.

ATP measurements
Changes in ATP concentration were measured in the 
bathing solution of cultured astrocytes using the ATP 
determination Kit  from Molecular Probes, Life  tech-
nologies (Cat. #A22066, Eugene, OR, USA) and the 

chemiluminescent signal was detected with a luminom-
eter Turner TD-20e (Turner BioSystems Inc).

Western Blotting
Proteins of cultured astrocytes were separated by 
10% SDS-PAGE and transferred onto a PVDF mem-
brane (Pierce, Rockford, IL). The primary and second-
ary antibodies (Pierce, Rockford, IL) were incubated 
using the Signal Enhancer HIKARI (Nacalai Tesque, 
INC, Japan) and the protein bands were detected with 
the  SuperSignal® West Femto (Pierce, Rockford, IL). 
Molecular mass was estimated with pre-stained mark-
ers (BioRad, Hercules, CA). Protein bands were analyzed 
using the ImageJ software. To evaluate the changes of 
protein expression in astrocytes cultures treated with 
a siRNA designed to target rat Calhm1 mRNA, blots 
were developed for of CALHM1, Cx43 or Panx-1, and 
then, stripped, and re-probed for ß-actin to express the 
changes as the ratio of the protein over ß-actin.

Biotin switch assay
Changes in S-nitrosylation levels were analyzed with 
the Biotin switch assay as described by Jaffrey and Sny-
der [88]. Briefly, samples of 200 μg protein were treated 
with S-methyl methanethiosulfonate (MMTS, Sigma 
Aldrich, USA, Cat. #64,306) for 1 h at 50 °C in the dark 
to block cysteine-free thiols, and then, proteins were 
precipitated with ice-cold acetone for 24  h at −  20  °C. 
The S-nitrosylated cysteine residues were reduced with 
2.5  mM sodium ascorbate (Sigma Aldrich, USA, Cat. 
#A7506) and 4  mM N-[6-(Biotinamido) hexyl]-3′-(2′-
pyridyldithio) propionamide (HPDP-biotin, Thermo 
Scientific, Cat. #21,341) was used to label the reduced 
thiols with biotin. Samples were incubated for 1  h with 
agarose-conjugated streptavidin beads (Thermo Scien-
tific, Cat. #20,353) and centrifuged to pull down HPDP-
biotinylated proteins, which were finally separated by 
SDS-PAGE to be detected with specific antibodies.

Immunoprecipitation
The level of CALHM1 S-nitrosylation was also assessed 
by immunoprecipitation, as described previously [89]. 
Astrocyte homogenate samples containing 100  µg of 
protein were pre-cleared by the treatment with 30  µl 
 Parsobin® (Calbiochem, Cat. #507,861) for 1  h at 4  °C. 
Samples were thus centrifuged and supernatants were 
incubated with polyclonal anti-CALHM1 antibody (1 µg 
antibody: 100 µg protein) for 2 h at 4 °C. Bound protein 
was precipitated with 30 µl  Parsobin® (2 h at 4  °C) and 
subsequent centrifugation to 5.300  g. The precipitated 
protein was washed three times with lysis buffer and the 
pellet was resuspended in Laemmli’s buffer to be submit-
ted to SDS-PAGE and Western blot analysis to detect the 
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S-nitrosylation of the protein using an anti-S-NO  anti-
body (Sigma Aldrich, USA, Cat. #N5411).

Inhibition of CALHM1 expression
The expression of CALHM1  was downregulated using 
a siRNA designed to target rat Calhm1 mRNA that was 
obtained from QIAGEN (Düsseldorf, Germany, Cat. 
#SI02901241). Transfections were performed using the 
HiPerFect transfection kit (QIAGEN, Cat. #301,704) as 
indicated in the manufacturer’s protocols. Astrocyte cul-
tures at ~ 80% confluence were subjected to transfection 
for 6 h, and then, transfection medium was replaced with 
fresh medium supplemented with 2% FBS. CALHM1 
expression was evaluated from 48 to 96 h and the maxi-
mum reduction in protein expression was found at 72 h.

Immunofluorescence analysis
Astrocyte monolayers were fixed with 2% paraform-
aldehyde in PBS, blocked with 0.5% BSA in PBS and 
incubated with the corresponding rabbit polyclonal pri-
mary antibody, mouse monoclonal primary antibody 
or both in the case of co-immunofluorescence analysis, 
and then, with the appropriate Alexa-568-labeled goat 
anti-rabbit or anti-mouse secondary antibody (Invit-
rogen Molecular Probes, USA, Cat. #A11011 or Cat. 
#A11004, respectively), or Alexa-488-labeled goat anti-
rabbit or anti-mouse secondary antibody (Invitrogen 
Molecular Probes, USA, Cat. #A11008 or Cat. #A10680, 
respectively) using the Signal Enhancer HIKARI (Nacalai 
Tesque, INC, Japan) as indicated by the manufacturer. 
The fluorescent signal was examined using an Olympus 
BX41 WI microscope and a CCD camera (Jenoptik Pro-
gRes C5).

Analysis of protein‑to‑protein association
The subcellular distribution and possible spatial asso-
ciation of eNOS with Cx43, Panx-1 or CALHM1 was 
evaluated by PLA  (Duolink® II, OLINK Bioscience, Swe-
den Olink). Primary cultures of astrocytes were fixed, 
blocked, and incubated with two primary antibodies 
from different species, which were, then, detected using 
oligonucleotide-conjugated secondary antibodies (PLA 
probe anti-mouse PLUS, Cat. #92,001, and PLA probe 
anti-rabbit MINUS, Cat. #92,005), as described in the 
manufacturer’s protocols. If the target proteins are closer 
than 20 nm, the oligonucleotides can be used as template 
for DNA ligase-mediated joining of additional oligonu-
cleotides to form a circular DNA molecule, which was 
amplified using hybridizing fluorophore-labeled oligo-
nucleotides. Images were visualized with a Nikon eclipse 
Ti confocal microscope and the NIS Elements ND2 
program.

Primary antibodies
The following primary antibodies were used in West-
ern blot, Immunofluorescence and PLA analysis: mouse 
monoclonal anti-Cx43 (BD Transduction Laborato-
ries™, USA, Cat. #610,062), rabbit polyclonal anti-Panx-1 
(Sigma-Aldrich, USA, Cat. #AV42783-50UG), rabbit 
polyclonal anti-CALHM1 (Alomone Labs, Israel, Cat. 
#ACC-101), rabbit polyclonal anti-eNOS (BD Transduc-
tion Laboratories™, USA, Cat. #610,298), mouse mono-
clonal anti-eNOS (BD Transduction Laboratories™, 
USA, Cat. #610,296), rabbit monoclonal anti-nNOS (Cell 
Signaling Technology, Cat. #4231), rabbit polyclonal anti-
iNOS (Millipore, Germany, Cat. #ab5383), rabbit poly-
clonal anti-GFAP (Sigma Aldrich, USA, Cat. #G9269), 
mouse monoclonal anti-GFAP (Sigma Aldrich, USA, 
#G3893), rabbit polyclonal anti-β-actin (Sigma Aldrich, 
USA, Cat. #A3853) and rabbit polyclonal anti-SNO-Cys 
(Sigma Aldrich, USA, Cat. #N5411).

Chemicals
All chemicals of analytical grade were obtained from 
Merck (Darmstadt, Germany). ODQ, MOPS, BSA, and 
glutamate were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). PPADS and t-ACPD were obtained from Toc-
ris Bioscience (Bristol, UK); SNAP and RuR from Calbi-
ochem (La Jolla, CA, USA); 10Panx and 37,43Gap27 from 
Genscript (Israel). SNAP was dissolved in dimethyl sul-
foxide (DMSO), and then, was diluted in buffer solution 
to reach the final working concentration. The vehicle of 
SNAP did not have effect per se (data not shown).

Statistical analysis
Values are represented as mean ± standard error. Com-
parisons between groups were made using paired or 
unpaired Student’s t-test, one-way ANOVA plus Bonfer-
roni post hoc test, or two-way ANOVA as appropriate. 
P < 0.05 was considered significant.

Abbreviations
Cx43  Connexin-43
Panx1  Pannexin-1
CALHM1  Calcium homeostasis modulator 1
[Ca2+]i  Intracellular calcium concentration
mGluR  Metabotropic glutamate receptor
NO  Nitric oxide
ATP  Adenosine 5′-triphosphate
NOS  Nitric oxide synthase
eNOS  Endothelial nitric oxide synthase
nNOS  Neuronal nitric oxide synthase
iNOS  Inducible nitric oxide synthase
t-ACPD  Trans-1-amino-1,3-cyclopentanedicarboxylic acid
L-NA  Nω-nitro-L-arginine
RuR  Ruthenium red
PPADS  Pyridoxalphosphate-6-azophenyl-2′,4′-disulfonic acid
SNAP  S-nitroso-N-acetylpenicillamine
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Additional file 1. The Additional files includes ten Supplementary Figures 
in which complementary analyses of NOS isoforms expression by Western 
blot and the increase in ethidium uptake rate activated by glutamate are 
shown. In addition, the participation of ATP in the propagation of  Ca2+ 
waves, CALHM1 cellular distribution in astrocyte cultures and intact brain, 
the effect of L-NA on glutamate- or t-ACPD-induced ATP release and the 
increase in  [Ca2+]i evoked by SNAP are depicted. These figures also 
illustrate the magnitude of glutamate-elicited  Ca2+ signaling observed in 
the presence of PPADS, 37,43Gap27 or 10Panx and the immunofluorescence 
analysis depicting the astrocyte selection process in primary cultures of 
brain cortex. Furthermore, the uncropped images of the Western blots of 
CALHM1, Cx43 and Panx-1 performed in primary cultures of astrocytes 
treated with a control siRNA or with a siRNA designed to inhibit the 
expression of CALHM1 protein are presented. Figure S1. Expression of 
nitric oxide synthase (NOS) isoforms in primary cultures of brain cortex 
astrocytes. The presence of the different isoforms of NOS was evaluated by 
Western blot analysis in three independent astrocytes cultures. Note that 
the expression of the isoforms endothelial NOS (eNOS) and neuronal NOS 
(nNOS) was clearly observed, but, in contrast, consistent with the 
immunofluorescence analysis (Figure 3), the signal for the inducible NOS 
(iNOS) isoform was not detected by Western blot. Figure S2. Glutamate 
triggers the activation of Cx hemichannels and Panx-1 channels in 
astrocytes through a mechanism mediated by the endothelial isoform of 
nitric oxide synthase. The activation of Cx hemichannels and Panx-1 
channels was evaluated through the analysis of the increase in ethidium 
uptake rate observed in primary cultures of astrocytes in response to 
10 µM glutamate in control conditions and in the presence of the mimetic 
peptides 37,43Gap27 (100 μM) or 10Panx (100 μM) or the NOS inhibitor 
 Nω-nitro-L-arginine (L-NA, 100 μM). The peptide 37,43Gap27 is a blocker of 
hemichannels formed by Cx37 or Cx43, 10Panx is an inhibitor of the 
channels formed by Panx-1 and L-NA is a general blocker of the enzyme 
nitric oxide synthase. In addition, the increment in ethidium uptake rate 
activated by glutamate in control conditions and after the treatment with 
60 nM  Nω-Propyl-L-Arginine  (Nω-Propyl-L Arg) is also shown. 
 Nω-Propyl-L-Arg is a selective inhibitor of the neuronal nitric oxide 
synthase isoform. The rate of ethidium uptake was assessed by calculating 
the slope of the increase in fluorescence intensity (expressed as arbitrary 
units, AU) along the time in basal conditions and during the stimulation 
with glutamate. Numbers inside the bars indicate the n value. Values are 
means ± SEM.  *, P<0.05 vs the response to glutamate in Control by 
one-way ANOVA plus Bonferroni post hoc test. Figure S3. Astrocytic  Ca2+ 
signaling activated by mechanical stimulation-mediated ATP release 
depends on the opening of hemichannel. To confirm the participation of 
hemichannels in ATP-initiated  Ca2+ signaling in primary cultures of brain 
cortex astrocytes, a single cell was mechanically stimulated to trigger 
endogenous release of ATP. Recently, direct measurements of ATP in the 
vicinity of the stimulated cell demonstrated that single cell mechanical 
stimulation elicits ATP release through P2X7 channels in a 
 Ca2+-independent manner (Xiong et al., J. Physiol., 596.10: 1931–1947, 
2018, https:// doi. org/https:// doi. org/ 10. 1113/ JP275 805). Single cell 
mechanical stimulation was applied with the tip of a polished micropi-
pette (~ 5 µm), which was carefully moved down using a micromanipula-
tor (Burleigh TS-5000-I50) to deliver a slight touch on the cell surface. As 
 Ca2+ signaling can be transmitted directly via gap junctions from the 
stimulated cell to adjacent astrocytes, changes in  [Ca2+]i were analyzed in 
the stimulated cell (St Cell, black bar) and at two cells of distance 
(~ 100 µm) from the stimulation site (distant astrocytes, white bars) in 
control conditions (Control) and in the presence of 100 µM pyridoxalphos-
phate-6-azophenyl-2’,4’-disulfonic acid (PPADS), 100 µM 43Gap26 or 50 µM 
18βglycyrrhetinic acid (β-GA), as shown in the representative images (left). 
The peptide 43Gap26 was applied 5 min before the stimulation to only 
block hemichannels, without affecting the activity of gap junction 
channels. As expected, the increase in  [Ca2+]i observed in distant 
astrocytes was blocked by PPADS, corroborating the participation of ATP 
in the response. In addition, consistent with the involvement of Cx43 

hemichannels in the increase of  [Ca2+]i induced by exogenous application 
of 100 nM ATP (Figure 5D),  Ca2+ signals of distant astrocytes were also 
inhibited by the Cx inhibiting peptide 43Gap26 and the general blocker of 
Cx-formed channels, β-GA (Right). Note that changes in the  Ca2+ signaling 
observed in the presence of PPADS, 43Gap 26 and β-GA are not 
significantly different. The treatment with PPADS, 43Gap26 or β-GA did not 
affect the increase in  [Ca2+]i triggered directly by mechanical stimulation. 
Arrows indicate the stimulated cell. Numbers inside the bars indicate the n 
value (total number of cells analyzed in three or more independent cell 
cultures). Values are means ± SEM. *, P < 0.05 vs Control by one-way 
ANOVA plus Bonferroni post hoc test. Figure S4. The release of ATP 
evoked by activation of mGluR in primary cultures of brain cortex 
astrocytes depends on NO production. ATP release was measured 3 min 
after the stimulation with glutamate or t-ACPD in control conditions and 
in the presence of 100 µM Νωnitro-L-arginine (L-NA), an inhibitor of NO 
production. The effect of the vehicle of glutamate or t-ACPD is also shown. 
Numbers inside the bars indicate the n value. Values are means ± SEM. *, 
P < 0.05 vs Vehicle by one-way ANOVA plus Bonferroni post hoc test. 
Figure S5. Expression of CALHM1 in primary cultures of astrocytes. The 
expression of CALHM1 (red) was detected by immunofluorescence 
analysis in primary cultures of astrocytes. The cell nuclei are highlighted by 
the staining with DAPI (blue). Figure S6. Detection of CALHM1 in 
astrocytes of intact brain. The expression of CALHM1 (red) in astrocytes 
was detected by co-immunofluorescence analysis with glial fibrillary 
acidic protein (GFAP, green), an astrocyte marker. The combination of the 
GFAP and CALHM1 signals is also shown (Merge) and the resulting yellow 
signal attests to the expression of CALHM1 in astrocytes. In addition, 
higher magnification of the boxed area depicted in the merged images of 
GFAP and CALHM1 is shown in the upper right corner. In these 
experiments, anaesthetized male Sprague-Dawley rats (230-250 g) were 
perfused through the left ventricle with a PBS solution kept at 37° C to 
wash out the blood by an incision in the right atrium, and, immediately 
after, with a Bouin solution for 10 min to fix the tissues. Thus, rats were 
decapitated, the brains were rapidly isolated and post-fixed for 24 h. Brains 
were dehydrated, embedded in paraffin, sectioned (10 µm), placed on 
charge-coated slides and deparaffinized using standard procedures. The 
sections were blocked with 0.5% BSA in PBS, incubated with a rabbit 
polyclonal primary antibody anti-CALHM1 (Alomone Labs, Israel) and a 
mouse monoclonal anti-GFAP (Sigma Aldrich, USA), and then, with an 
Alexa-568-labeled goat anti-rabbit secondary antibody and an Alexa-
488-labeled goat anti-mouse secondary antibody (Invitrogen Molecular 
Probes, USA) using the Signal Enhancer HIKARI (Nacalai Tesque, INC, Japan) 
as indicated by the manufacturer. The fluorescent signal was examined 
using an Olympus BX41 WI microscope and a CCD camera (Jenoptik 
ProgRes C5). Figure S7. Uncropped images of Western blots shown in 
main Figure 6. Red box areas indicate the cropped regions used as 
representatives in Figure 6B (CALHM1), 6C (Cx43) and 6D (Panx-1). The first 
lane of each Western blot was loaded with a sample of primary cultures of 
astrocytes treated with a control siRNA (siControl) and the second lane 
with a sample of primary cultures of astrocytes treated with a siRNA 
designed to inhibit the expression of CALHM1 protein (siCALHM1). 
Membranes were first probed for CALHM1 (upper panel), Cx43 (middle 
panel) or Panx-1 (lower panel), and then, stripped to detect β-actin, as 
load control. Figure S8. NO signaling leads to the activation of an increase 
in  [Ca2+]i in primary cultures of brain cortex astrocytes. Maximal increment 
in  [Ca2+]i elicited by the stimulation with 3 µM SNAP, a NO donor, in 
control

Acknowledgements
Not applicable.

Author contributions
M.P. Collected and analyzed the data, prepared figures, and participated in the 
manuscript preparation. M.F.M. Collected and analyzed the data of calcium 
measurements and contributed to manuscript preparation. M.A.L. Performed 
and analyzed the electrophysiological studies in Xenopus oocytes. J.E.C. 
Designed and supervised the electrophysiological studies and contributed to 
the manuscript writing and editing. X.F.F. Directed and supervised the investi-
gation, designed the experimental protocols, contributed to data analysis and 

https://doi.org/10.1186/s40659-024-00503-3
https://doi.org/10.1186/s40659-024-00503-3
https://doi.org/
https://doi.org/10.1113/JP275805


Page 18 of 19Puebla et al. Biological Research           (2024) 57:19 

was the major contributor in writing and editing the manuscript. All authors 
read and approved the final manuscript.

Funding
This work was supported from Fondo Nacional de Desarrollo Científico y 
Tecnológico – FONDECYT #1150530 and Grant Anillo ANID/ACT210057 from 
the Agencia Nacional de Investigación y Desarrollo.

Availability of data and materials
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All studies and experimental procedures were approved by the Institutional 
Bioethics Committee (protocol ID 170321004).

Consent for publication
Not applicable.

Competing interests
The authors declare that there is no competing interests regarding the publi-
cation of this paper.

Received: 31 August 2023   Accepted: 18 April 2024

References
 1. Kettenmann H, Ransom BR. The concept of neuroglia: a historical per-

spective. Neuroglia: Oxford University Press; 2004. p. 1–16.
 2. Santello M, Toni N, Volterra A. Astrocyte function from information 

processing to cognition and cognitive impairment. Nat Neurosci. 
2019;22(2):154–66.

 3. Attwell D, Buchan AM, Charpak S, Lauritzen M, MacVicar BA, New-
man EA. Glial and neuronal control of brain blood flow. Nature. 
2010;468(7321):232–43.

 4. Kaplan L, Chow BW, Gu C. Neuronal regulation of the blood–brain barrier 
and neurovascular coupling. Nat Rev Neurosci. 2020;21(8):416–32.

 5. Kim Y, Park J, Choi YK. The role of astrocytes in the central nervous system 
focused on BK channel and heme oxygenase metabolites: a review. 
Antioxidants. 2019;8(5):121.

 6. Muñoz MF, Puebla M, Figueroa XF. Control of the neurovascular coupling 
by nitric oxide-dependent regulation of astrocytic  Ca2+ signaling. Front 
Cell Neurosci. 2015;9:59.

 7. Bazargani N, Attwell D. Astrocyte calcium signaling: the third wave. Nat 
Neurosci. 2016;19(2):182–9.

 8. Denizot A, Arizono M, Nägerl UV, Soula H, Berry H. Simulation of calcium 
signaling in fine astrocytic processes: effect of spatial properties on 
spontaneous activity. PLOS Comput Biol. 2019;15(8):e1006795.

 9. Guerra-Gomes S, Sousa N, Pinto L, Oliveira JF. Functional roles of astrocyte 
calcium elevations: from synapses to behavior. Front Cell Neurosci. 
2018;11:427.

 10. Khakh BS, McCarthy KD. Astrocyte calcium signaling: from observations 
to functions and the challenges therein. Cold Spring Harbor Perspect 
Biol. 2015;7(4):a020404.

 11. Semyanov A, Henneberger C, Agarwal A. Making sense of astrocytic 
calcium signals—from acquisition to interpretation. Nat Rev Neurosci. 
2020;21(10):551–64.

 12. Semyanov A. Spatiotemporal pattern of calcium activity in astrocytic 
network. Cell Calcium. 2019;78:15–25.

 13. Wang X, Takano T, Nedergaard M. Astrocytic calcium signaling: 
mechanism and implications for functional brain imaging. Met Mol Biol. 
2009;489:93–109.

 14. Shigetomi E, Patel S, Khakh BS. Probing the complexities of astrocyte 
calcium signaling. Trends Cell Biol. 2016;26(4):300–12.

 15. Gundersen V, Storm-Mathisen J, Bergersen LH. Neuroglial transmission. 
Physiol Rev. 2015;95(3):695–726.

 16. Porter JT, McCarthy KD. Astrocytic neurotransmitter receptors in situ and 
in vivo. Prog Neurobiol. 1997;51(4):439–55.

 17. Verkhratsky A. Neurotransmitter receptors in astrocytes. In: Haydon PG, 
Parpura V, editors. Astrocytes in (Patho)Physiology of the nervous system. 
Boston: Springer, US; 2009. p. 49–67.

 18. Parfenova H, Tcheranova D, Basuroy S, Fedinec AL, Liu J, Leffler CW. 
Functional role of astrocyte glutamate receptors and carbon monoxide 
in cerebral vasodilation response to glutamate. Am J Physiol Heart Circ 
Physiol. 2012;302(11):H2257–66.

 19. Seifert G, Steinhäuser C. Ionotropic glutamate receptors in astrocytes. 
Prog Brain Res. 2001;132:287–99.

 20. Skowrońska K, Obara-Michlewska M, Zielińska M, Albrecht J. NMDA 
receptors in astrocytes: in search for roles in neurotransmission and 
astrocytic homeostasis. Int J Mol Sci. 2019;20(2):309.

 21. Spampinato SF, Copani A, Nicoletti F, Sortino MA, Caraci F. Metabotropic 
glutamate receptors in glial cells: a new potential target for neuroprotec-
tion? Front Mol Neurosci. 2018;11:414.

 22. Bradley SJ, Challiss RAJ. G protein-coupled receptor signalling in astro-
cytes in health and disease: a focus on metabotropic glutamate recep-
tors. Biochem Pharmacol. 2012;84(3):249–59.

 23. Kofuji P, Araque A. G-protein-coupled receptors in astrocyte-neuron com-
munication. Neuroscience. 2021;456:71–84.

 24. Zur Nieden R, Deitmer JW. The role of metabotropic glutamate receptors 
for the generation of calcium oscillations in rat hippocampal astrocytes 
in situ. Cereb Cortex. 2006;16(5):676–87.

 25. Fields RD, Burnstock G. Purinergic signalling in neuron–glia interactions. 
Nat Rev Neurosci. 2006;7(6):423–36.

 26. Shen W, Nikolic L, Meunier C, Pfrieger F, Audinat E. An autocrine puriner-
gic signaling controls astrocyte-induced neuronal excitation. Sci Rep. 
2017;7(1):11280.

 27. Schipke CG, Kettenmann H. Astrocyte responses to neuronal activity. Glia. 
2004;47(3):226–32.

 28. Zonta M, Carmignoto G. Calcium oscillations encoding neuron-to-astro-
cyte communication. J Physiol. 2002;96(3–4):193–8.

 29. Giaume C, Venance L. Intercellular calcium signaling and gap junctional 
communication in astrocytes. Glia. 1998;24(1):50–64.

 30. Rouach N, Glowinski J, Giaume C. Activity-dependent neuronal 
control of gap-junctional communication in astrocytes. J Cell Biol. 
2000;149(7):1513–26.

 31. Yamane Y, Shiga H, Asou H, Ito E. GAP junctional channel inhibition alters 
actin organization and calcium propagation in rat cultured astrocytes. 
Neuroscience. 2002;112(3):593–603.

 32. Retamal MA, Cortes CJ, Reuss L, Bennett MVL, Saez JC. S-nitrosylation and 
permeation through connexin 43 hemichannels in astrocytes: Induction 
by oxidant stress and reversal by reducing agents. Proc Natl Acad Sci. 
2006;103(12):4475–80.

 33. Sohl G. Gap junctions and the connexin protein family. Cardiovasc Res. 
2004;62(2):228–32.

 34. Sáez JC, Berthoud VM, Brañes MC, Martínez AD, Beyer EC. Plasma mem-
brane channels formed by connexins: their regulation and functions. 
Physiol Rev. 2003;83(4):1359–400.

 35. Dosch M, Zindel J, Jebbawi F, Melin N, Sanchez-Taltavull D, Stroka D, et al. 
Connexin-43-dependent ATP release mediates macrophage activation 
during sepsis. Elife. 2019;8: e42670.

 36. Giaume C, Naus CC. Connexins, gap junctions, and glia. Wiley Interdiscip 
Rev Membr Transp Signal. 2013;2(4):133–42.

 37. Lapato AS, Tiwari-Woodruff SK. Connexins and pannexins: at the junction 
of neuro-glial homeostasis & disease. J Neurosci Res. 2018;96(1):31–44.

 38. Theis M, Giaume C. Connexin-based intercellular communication and 
astrocyte heterogeneity. Brain Res. 2012;1487:88–98.

 39. Baranova A, Ivanov D, Petrash N, Pestova A, Skoblov M, Kelmanson I, et al. 
The mammalian pannexin family is homologous to the invertebrate 
innexin gap junction proteins. Genomics. 2004;83(4):706–16.

 40. Barbe MT, Monyer H, Bruzzone R. Cell–cell communication beyond con-
nexins: the pannexin channels. Physiology. 2006;21(2):103–14.

 41. Bond SR, Naus CC. The pannexins: past and present. Front Physiol. 
2014;5:58.

 42. Iglesias R, Dahl G, Qiu F, Spray DC, Scemes E. Pannexin 1: the molecular 
substrate of astrocyte “hemichannels.” J Neurosci. 2009;29(21):7092–7.



Page 19 of 19Puebla et al. Biological Research           (2024) 57:19  

 43. Nagy JI, Rash JE. Connexins and gap junctions of astrocytes and oligo-
dendrocytes in the CNS. Brain Res Rev. 2000;32(1):29–44.

 44. Xing L, Yang T, Cui S, Chen G. Connexin Hemichannels in Astrocytes: Role 
in CNS Disorders. Front Mol Neurosci. 2019;12:23.

 45. Zhao Y, Xin Y, He Z, Hu W. Function of connexins in the interaction 
between glial and vascular cells in the central nervous system and 
related neurological diseases. Neural Plast. 2018;2018:1–13.

 46. Sana-Ur-Rehman H, Markus I, Moore KH, Mansfield KJ, Liu L. Expression 
and localization of pannexin-1 and CALHM1 in porcine bladder and their 
involvement in modulating ATP release. Am J Physiol Regul Integr Comp 
Physiol. 2017;312(5):R763–72.

 47. Taruno A, Vingtdeux V, Ohmoto M, Ma Z, Dvoryanchikov G, Li A, et al. 
CALHM1 ion channel mediates purinergic neurotransmission of sweet, 
bitter and umami tastes. Nature. 2013;495(7440):223–6.

 48. Taruno A. ATP release channels. Int J Mol Sci. 2018;19(3):808.
 49. Workman AD, Lee RJ, Saunders CJ, Tordoff MG, Mitchell CH, Carey RM, 

et al. CALHM1-mediated ATP release and ciliary beat frequency modula-
tion in nasal epithelial cells. Sci Rep. 2017;7(1):1–8.

 50. Chiu Y-H, Schappe MS, Desai BN, Bayliss DA. Revisiting multimodal 
activation and channel properties of Pannexin 1. J Gen Physiol. 
2018;150(1):19–39.

 51. De Vuyst E, Wang N, Decrock E, De Bock M, Vinken M, Van Moorhem M, 
et al. Ca2+ regulation of connexin 43 hemichannels in C6 glioma and 
glial cells. Cell Calcium. 2009;46(3):176–87.

 52. López X, Palacios-Prado N, Güiza J, Escamilla R, Fernández P, Vega JL, et al. 
A physiologic rise in cytoplasmic calcium ion signal increases pannexin1 
channel activity via a C-terminus phosphorylation by CaMKII. Proc Natl 
Acad Sci. 2021;118(32):e2108967118-e.

 53. Whyte-Fagundes P, Zoidl G. Mechanisms of pannexin1 channel gating 
and regulation. Biochim Biophys Acta Biomembr. 2018;1860(1):65–71.

 54. Lillo MA, Himelman E, Shirokova N, Xie L-H, Fraidenraich D, Contreras 
JE. S-nitrosylation of connexin43 hemichannels elicits cardiac stress–
induced arrhythmias in Duchenne muscular dystrophy mice. JCI Insight. 
2019;4(24): e130091.

 55. Lohman AW, Weaver JL, Billaud M, Sandilos JK, Griffiths R, Straub AC, 
et al. S-nitrosylation inhibits pannexin 1 channel function. J Biol Chem. 
2012;287(47):39602–12.

 56. Zhang L, Deng T, Sun Y, Liu K, Yang Y, Zheng X. Role for nitric oxide in 
permeability of hippocampal neuronal hemichannels during oxygen 
glucose deprivation. J Neurosci Res. 2008;86(10):2281–91.

 57. Barna M, Komatsu T, Reiss CS. Activation of type III nitric oxide syn-
thase in astrocytes following a neurotropic viral infection. Virology. 
1996;223(2):331–43.

 58. Catania MV, Aronica E, Yankaya B, Troost D. Increased expression 
of neuronal nitric oxide synthase spliced variants in reactive astro-
cytes of amyotrophic lateral sclerosis human spinal cord. J Neurosci. 
2001;21(11):RC148-RC.

 59. Iwase K, Miyanaka K, Shimizu A, Nagasaki A, Gotoh T, Mori M, et al. Induc-
tion of endothelial nitric-oxide synthase in rat brain astrocytes by sys-
temic lipopolysaccharide treatment. J Biol Chem. 2000;275(16):11929–33.

 60. Kugler P, Drenckhahn D. Astrocytes and Bergmann glia as an important 
site of nitric oxide synthase I. Glia. 1996;16(2):165–73.

 61. Lüth H-J, Holzer M, Gärtner U, Staufenbiel M, Arendt T. Expression of 
endothelial and inducible NOS-isoforms is increased in Alzheimer’s 
disease, in APP23 transgenic mice and after experimental brain lesion 
in rat: evidence for an induction by amyloid pathology. Brain Res. 
2001;913(1):57–67.

 62. Saha R, Pahan K. Signals for the induction of nitric oxide synthase in 
astrocytes. Neurochem Int. 2006;49(2):154–63.

 63. Šimić G, Lucassen PJ, Krsnik Ž, Krušlin B, Kostović I, Winblad B, et al. nNOS 
expression in reactive astrocytes correlates with increased cell death 
related DNA damage in the hippocampus and entorhinal cortex in 
Alzheimer’s disease. Exp Neurol. 2000;165(1):12–26.

 64. Forrester MT, Foster MW, Benhar M, Stamler JS. Detection of protein 
S-nitrosylation with the biotin-switch technique. Free Radic Biol Med. 
2009;46(2):119–26.

 65. Evans WH, De Vuyst E, Leybaert L. The gap junction cellular internet: 
connexin hemichannels enter the signalling limelight. Biochem J. 
2006;397(1):1–14.

 66. De Bock M, Culot M, Wang N, Bol M, Decrock E, De Vuyst E, et al. Con-
nexin channels provide a target to manipulate brain endothelial calcium 

dynamics and blood-brain barrier permeability. J Cereb Blood Flow 
Metab. 2011;31(9):1942–57.

 67. St Pierre M, Reeh PW, Zimmermann K. Differential effects of TRPV channel 
block on polymodal activation of rat cutaneous nociceptors in vitro. Exp 
Brain Res. 2009;196(1):31–44.

 68. Coste B, Xiao B, Santos JS, Syeda R, Grandl J, Spencer KS, et al. Piezo 
proteins are pore-forming subunits of mechanically activated channels. 
Nature. 2012;483(7388):176–81.

 69. Koulen P, Thrower EC. Pharmacological modulation of intracellular Ca(2+) 
channels at the single-channel level. Mol Neurobiol. 2001;24(1–3):65–86.

 70. Perea G, Navarrete M, Araque A. Tripartite synapses: astrocytes process 
and control synaptic information. Trends Neurosci. 2009;32(8):421–31.

 71. Džoljić E. Why is nitric oxide important for our brain? Funct Neurol. 2015. 
https:// doi. org/ 10. 11138/ FNeur/ 2015. 30.3. 159.

 72. Szabó C. Physiological and pathophysiological roles of nitric oxide in the 
central nervous system. Brain Res Bull. 1996;41(3):131–41.

 73. Picón-Pagès P, Garcia-Buendia J, Muñoz FJ. Functions and dysfunc-
tions of nitric oxide in brain. Biochim Biophys Acta Mol Basis Dis. 
2019;1865(8):1949–67.

 74. Cary SPL, Winger JA, Derbyshire ER, Marletta MA. Nitric oxide signaling: 
no longer simply on or off. Trends Biochem Sci. 2006;31(4):231–9.

 75. Schipke CG, Haas B, Kettenmann H. Astrocytes discriminate and selec-
tively respond to the activity of a subpopulation of neurons within the 
barrel cortex. Cereb Cortex. 2008. https:// doi. org/ 10. 1093/ cercor/ bhn009.

 76. Bal-Price A, Moneer Z, Brown GC. Nitric oxide induces rapid, calcium-
dependent release of vesicular glutamate and ATP from cultured rat 
astrocytes. Glia. 2002;40(3):312–23.

 77. Zhao B, Gu L, Liu K, Zhang M, Liu H. Maxi-anion channels play a key role in 
glutamate-induced ATP release from mouse astrocytes in primary culture. 
NeuroReport. 2017;28(7):380–5.

 78. Ma Z, Tanis JE, Taruno A, Foskett JK. Calcium homeostasis modulator 
(CALHM) ion channels. Pflügers Arch Eur J Physiol. 2016;468(3):395–403.

 79. Siebert AP, Ma Z, Grevet JD, Demuro A, Parker I, Foskett JK. Structural and 
functional similarities of calcium homeostasis modulator 1 (CALHM1) 
ion channel with connexins, pannexins, and innexins*. J Biol Chem. 
2013;288(9):6140–53.

 80. Syrjanen JL, Michalski K, Chou TH, Grant T, Rao S, Simorowski N, et al. 
Publisher correction: structure and assembly of calcium homeostasis 
modulator proteins. Nat Struct Mol Biol. 2020;27(3):305.

 81. Ma Z, Siebert AP, Cheung KH, Lee RJ, Johnson B, Cohen AS, et al. Calcium 
homeostasis modulator 1 (CALHM1) is the pore-forming subunit of an 
ion channel that mediates extracellular Ca2+ regulation of neuronal 
excitability. Proc Natl Acad Sci. 2012;109(28):E1963–71.

 82. Vingtdeux V, Chang EH, Frattini SA, Zhao H, Chandakkar P, Adrien L, et al. 
CALHM1 deficiency impairs cerebral neuron activity and memory flex-
ibility in mice. Sci Rep. 2016;6(1):24250.

 83. Dreses-Werringloer U, Lambert JC, Vingtdeux V, Zhao H, Vais H, Siebert A, 
et al. A polymorphism in CALHM1 influences Ca2+ homeostasis, Abeta 
levels, and Alzheimer’s disease risk. Cell. 2008;133(7):1149–61.

 84. Taruno A, Sun H, Nakajo K, Murakami T, Ohsaki Y, Kido MA, et al. Post-
translational palmitoylation controls the voltage gating and lipid raft 
association of the CALHM1 channel. J Physiol. 2017;595(18):6121–45.

 85. Martínez-Ruiz A, Araújo IM, Izquierdo-Álvarez A, Hernansanz-Agustín P, 
Lamas S, Serrador JM. Specificity in S-nitrosylation: a short-range mecha-
nism for NO signaling? Antioxid Redox Signal. 2013;19(11):1220–35.

 86. Schildge S, Bohrer C, Beck K, Schachtrup C. Isolation and culture of mouse 
cortical astrocytes. J Vis Exp. 2013;71:1–7.

 87. Sáez JC, Leybaert L. Hunting for connexin hemichannels. FEBS Lett. 
2014;588(8):1205–11.

 88. Jaffrey SR, Snyder SH. The biotin switch method for the detection of 
S-nitrosylated proteins. Science Signaling. 2001;2001(86):pl1-p1.

 89. Durán WN, Seyama A, Yoshimura K, González DR, Jara PI, Figueroa XF, 
et al. Stimulation of NO production and of eNOS phosphorylation in the 
microcirculation in vivo. Microvasc Res. 2000;60(2):104–11.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.11138/FNeur/2015.30.3.159
https://doi.org/10.1093/cercor/bhn009

	Control of astrocytic Ca2+ signaling by nitric oxide-dependent S-nitrosylation of Ca2+ homeostasis modulator 1 channels
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	Glutamate-activated Ca2+ signaling depends on NO production
	The response to glutamate is associated with Cx hemichannel and Panx-1 channel opening
	Glutamate-evoked Ca2+ signaling depends on CALHM1 channel-mediated ATP release
	CALHM1 channel opening is enhanced by NO-mediated S-nitrosylation

	Discussion
	Conclusion
	Methods
	Primary cultures of astrocytes
	Measurement of changes in intracellular Ca2+ concentration
	Activity of connexin hemichannels and pannexin channels
	Electrophysiology
	ATP measurements
	Western Blotting
	Biotin switch assay
	Immunoprecipitation
	Inhibition of CALHM1 expression
	Immunofluorescence analysis
	Analysis of protein-to-protein association
	Primary antibodies
	Chemicals
	Statistical analysis

	Acknowledgements
	References


