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Review 

Noncanonical ion channel signaling in neurovascular 
barrier regulation and immune cell trafficking 
Laura Vinnenberg1, Bart Jan Ravoo2,3, Christos Gatsogiannis2,4,  
Thomas Budde5 and Sven G Meuth6   

Ion channels are classically regarded as regulators of electrical 
excitability, but their role in immune activation and barrier 
homeostasis extends far beyond global transmembrane ion 
flux. This functional diversity is, among other things, the result 
of noncanonical signaling pathways. In this review, we examine 
the neurovascular endothelium as a paradigm for barrier- 
associated neuroimmune pathology and discuss three 
mechanistic principles: (1) permeation-independent scaffolding 
via cytoplasmic interaction domains, (2) spatio-temporally 
restricted ion flux within signaling microdomains, and (3) 
compartmentalized or cargo-mediated signaling. These 
mechanisms shape endothelial barrier integrity, inflammatory 
junctional remodeling, and the diapedesis of immune cells 
across the blood-brain barrier. A deeper understanding of such 
noncanonical channel functions opens new therapeutic 
perspectives beyond conventional pore blockade, including the 
targeted modulation of signaling domains, protein interactions, 
and subcellular channel localization. 
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Introduction 
Ion channels were first established as regulators of 
electrical excitability and later emerged as central 

determinants of immune activation and tissue barrier 
homeostasis. While most work has focused on ion per
meation, growing evidence supports noncanonical 
channel functions. We focus on neurovascular en
dothelium as a tractable paradigm for barrier-associated 
immune pathology and highlight three distinct forms 
(Figure 1): 

a) Permeation-independent signaling. The biological out
come is not proportional to the ion currents and can 
be attributed to cytosolic interaction domains.  

b) Permeation-dependent signaling with spatial restriction. 
Canonical ion flux occurs, but it is confined to mi
crodomains.  

c) Compartment shift or atypical cargo. Channels enable 
signal diversification through organelle localization or 
permeation of organic signaling molecules. 

To facilitate conceptual orientation, the main differ
ences between canonical and noncanonical ion channel 
signaling are summarized in Table 1. 

Permeation-independent signaling: ion channels as 
structural scaffolds and signaling hubs 
Permeation-independent signaling describes effects that 
do not scale with ionic currents, but rather rely on 
functional cytoplasmic channel domains. These cyto
plasmic channel domains orchestrate, for example, as
sembly, localization, and timing of downstream effector 
signaling. We contend that in the future, further func
tional biological outputs will be attributed to the versa
tile functions of ion channels. This is particularly true 
given that high-resolution structural analysis also facil
itates the elucidation of interactomes. We would like to 
highlight two notable examples in particular. 

Cytosolic interactome assembly 
The purinergic P2X7 receptor (P2X7R) provides a clear 
example of permeation-independent signaling by cyto
solic interactome assembly. The exceptionally long C- 
terminus has no homology to other known proteins and 
acts as a scaffold for multiple protein–protein interac
tions (PPIs) independent of canonical ion conduction  
[1]. Truncation and mutagenesis studies in heterologous 
expression systems (HEK293 cells) as well as in macro
phage-derived cell lines and primary murine macro
phages have shown that removal of the distal C-terminus 
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preserves small cation currents while selectively abol
ishing dye uptake, membrane permeabilization, and 
downstream inflammatory responses [2]. Elevated ex
tracellular ATP levels, which may arise from tissue in
jury, cellular stress, pathogen-induced danger signaling, 
or hemichannel-mediated release, activate P2X7R once 
sufficient local concentrations are reached and thereby 
promote K⁺ efflux and the spatial assembly of the 
NLRP3-inflammasome core components NLRP3, ASC, 
and caspase 1 at the plasma membrane (PM) (Figure 1a). 
This localized assembly facilitates the subsequent clea
vage of Gasdermin D, creating conduits for                                             

unconventional cytokine secretion like Interleukin (IL)- 
1β that further amplifies inflammatory signaling cascades  
[3,4]. This pathway is impaired under C-terminal trun
cation, illustrating how the P2X7R C-terminal tail fine- 
tunes a diverse set of downstream responses, thereby 
coupling inflammatory responses to cytoskeletal re
modeling and membrane dynamics. P2X7R localizes 
preferentially to cholesterol-rich membrane (lipid rafts) 
and functionally interacts with actin-associated proteins 
such as α-actinin and filamin [5]. 

Functional consequences of P2X7R membrane re
organization include the activation of matrix 

Abbreviations  

ADAM A disintegrin and metalloprotease 
ADP Adenosine diphosphate 
AMP Adenosine monophosphate 
ASC Apoptosis-associated speck-like protein con

taining a CARD 
ATP Adenosine triphosphate 
BBB Blood-brain barrier 
CD Cluster of differentiation 
cGAMP cyclic GMP-AMP 
cGAS cyclic GMP-AMP synthase 
CNS Central nervous system 
Cryo-EM Cryo-electron microscopy 
Cx Connexin 
DNA Deoxyribonucleic acid 
dSTORM Direct stochastic optical reconstruction 

microscopy 
dTAG Degron tag system 
EAE Experimental autoimmune encephalomyelitis 
EB1 End binding protein 1 
ECM Extracellular matrix 
eEF2 Eukaryotic elongation factor 2 
ER Endoplasmic reticulum 
FRET Förster resonance energy transfer 
GMP Guanosine monophosphate 
GPX4 Glutathione peroxidase 4 
HEK293 Human embryonic kidney 293 cells 
ICAM 1 Intercellular adhesion molecule 1 
IFN Interferon 
IL Interleukin 
IRF3 Interferon regulatory factor 3 
K2P Two pore domain potassium channel 
KO Knockout 
LRRC8 Leucine-rich repeat-containing 8 
M7CK TRPM7 kinase fragment 
mRNA messenger RNA 
MS Multiple sclerosis 
MT Microtubule 
MyD88 Myeloid differentiation primary response 88 

NAADP Nicotinic acid adenine dinucleotide phosphate 
NAD+ Nicotinamide adenine dinucleotideox

idized Form 
NFκB Nuclear factor kappa B 
NLRP3 NLR family pyrin domain-containing 3 
Orai1 Orai calcium release-activated calcium mod

ulator 1 
P2X7R P2X7 receptor 
PIEZO1 Piezo type mechanosensitive ion channel 

component 1 
PI3K Phosphoinositide 3-kinase 
PIP2 Phosphatidylinositol 45 bisphosphate 
PKC Protein kinase C 
PM Plasma membrane 
PPIs protein-protein interactions 
PROTAC Proteolysis targeting chimera 
RNA Ribonucleic acid 
Rorc RAR-related orphan receptor C 
SARAF SOCE-associated regulatory factor 
Smad2 SMAD family member 2 
SNARE Soluble NSF attachment protein receptor 
Src Proto-oncogene tyrosine kinase Src 
STED Stimulated emission depletion microscopy 
STIM1 Stromal interaction molecule 1 
STING Stimulator of interferon genes 
TGF Transforming growth factor 
Th17 T helper 17 cells 
TLR Toll-like receptor 
TMEM66 Transmembrane protein 66 
TRPC6 Transient receptor potential canonical 6 
TREK 1 TWIK-related potassium channel 1 
TRPM7 Transient receptor potential melastatin 7 
TRPML1 Transient receptor potential mucolipin 1 
TPCs Two pore channels 
Tregs Regulatory T cells 
TWIK2 Tandem of P domains in a weak inward 

rectifying K channel 2 
VCAM 1 Vascular cell adhesion molecule 1 
VE Vascular endothelial 
VRAC Volume-regulated anion channel   
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metalloproteinase-9 that triggers the disruption of tight 
junction proteins while simultaneously driving the de novo 
expression of adhesion molecules like ICAM-1 and 
VCAM-1 via the recruitment of proinflammatory signaling 
scaffolds (e.g. NFκB activation via MyD88) [6,7]. In 
combination with the ADAM metalloprotease-mediated 
ectodomain shedding of CD62L on T-lymphocytes, these 

C-terminal scaffolding functions increase transendothelial 
diapedesis into the central nervous system (CNS) [1]. 
Thus, P2X7R non-canonical signaling impacts blood- 
brain-barrier (BBB) permeability in inflammatory dis
eases, including multiple sclerosis (MS) [6]. 

Figure 1  

Current Opinion in Immunology

Three mechanistic principles of noncanonical ion channel signaling. (a) Permeation-independent signaling. P2X7R and TRPM7 exemplify functional 
separation of ion permeation and cytoplasmic domain functions. P2X7R has an extraordinarily long C-terminus that serves as a platform for diverse 
PPIs, for example, assembly of Inflammasome components ASC, NLRP3, and caspase-1. TRPM7 contains a C-terminal cleavable kinase domain that 
functions independently of ion flux. (b) Spatially restricted microdomains. While the ion-permeation is essential, the functional output is bound to 
localization and coupling, but not global cytosolic changes or membrane excitability. b1) STIM1 binds to the Ca2+ ORAI-1 channel protein, generating 
localized Ca2+ microdomains at these ER-PM junctions. b2) PIEZO1 concentrates Ca2+-signals at low curvature sites like focal adhesions in 
endothelial cells. Local calpain activation strengthens integrin-mediated cell coupling to the ECM, while destabilizing VE-cadherin-based cell-cell 
interaction and thereby, for example, modulating BBB stability. (c) Compartment shift and atypical cargo. STING can relocate from the ER to the Golgi 
compartment after sensing raised cGAMP levels. At the Golgi, it facilitates the phosphorylation of IRF3, enabling the type I interferon response. VRAC 
can export organic molecules, including cGAMP, and supports the paracrine STING activation. Connexin hemichannels and gap junctions can 
mediate the release or transfer of ATP, NAD+, and cGAMP, enabling juxtacrine and paracrine signaling. The depicted pathways serve as representative 
examples for the mechanism, while the functional outcome is cell- and context-specific. Created in BioRender. Vinnenberg, L. (2026) https:// 
BioRender.com/02t6j6y.   
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Research investigating P2X7R as a noncanonical sig
naling platform and membrane organizer is a current 
field of research with ongoing improvement and me
chanistic characterizations constantly revealing new 
players. P2X7R tail interactions are reviewed in detail by 
Kopp et al. [1]. 

Integrated proteolytic kinase domain 
Transient receptor potential melastatin 7 (TRPM7), 
consisting of a cation channel and an integrated serine/ 
threonine kinase domain at the C-terminus, is a proto
typical example of a ‘chanzyme’ (Figure 1a). Functional 
TRPM7 interaction partners and substrates are the sub
ject of intensive research and continuously expanding [8]. 
We aim to highlight striking pathways potentially relevant 
in the context of immune and barrier cells. 

Characterization of TRPM7 in immune cells revealed 
modulatory effects on migration, polarization, and dif
ferentiation in neutrophils, macrophages, and T-lym
phocytes [9]. For example, it is believed that the 
TRPM7 kinase domain in murine T-lymphocytes 
modulates the phosphorylation of the C-terminal SXS 
motif of Smad2 independently of the transforming 
growth factor β1 (TGF-β1) complex. Downstream, 
TRPM7 inhibition reduces IL-17 and Rorc expression, 
resulting in reduced Th17 differentiation [9,10]. This 
function is abolished in the kinase-dead TRPM7 T-cell 
mutant with largely preserved channel currents, thereby 
allowing a kinase-specific interpretation. Since Th17 
cells are known to be key proinflammatory effector cells 
and functional antagonists of regulatory T-lymphocytes 
(Tregs), these findings highlight basal Smad2 

phosphorylation by TRPM7 as a hub of inflammatory T- 
lymphocyte differentiation. 

Beyond immune cell differentiation, published work has 
connected TRPM7 kinase signaling to metabolic control 
and cellular stress programs in general. A loss-of-function 
and rescue design was used to separate TRPM7 kinase 
activity from other channel-associated functions. Under 
Mg²⁺-deprived conditions, enhanced TRPM7 kinase 
cascade-mediated phosphorylation of eukaryotic elon
gation factor 2 (eEF2) was detected. eEF2 is an essential 
protein for translation, as it catalyzes the translocation of 
the ribosome on the mRNA. eEF2 regulation and re
duced protein synthesis are, for instance, associated with 
cell stress and nutrient deficiency [11]. 

TRPM7 has furthermore been linked to modulating 
nuclear functions. The TRPM7 kinase fragment 
(M7CK) can be cleaved proteolytically and then trans
locate into the nucleus. The phosphorylation mediated 
there can regulate epigenetics and gene expression [12]. 
In vitro kinase assays with the purified C-terminal tail of 
mammalian TRPM7 interestingly showed a multistep 
autophosphorylation process that precedes substrate 
phosphorylation and controls access to the catalytic do
main [13]. 

In the context of BBB integrity, TRPM7’s control of 
actomyosin dynamics and the cortical actin ring by 
phosphorylating myosin II heavy chains and annexin A1 
is interesting [8,9]. However, direct separation of kinase 
versus pore contributions in brain endothelium remains 
limited so far. 

Table 1 

Canonical versus non-canonical ion channel signaling: key distinguishing features.     

Parameter Canonical ion channel signaling Noncanonical ion channel signaling  

Signal nature  • Pore-centered ion permeation; biological output 
follows ion selectivity, gating, and conductance.  

• Scaffold-, domain-, microdomain-, compartment-, or cargo- 
dependent signaling; ion flux may be absent, permissive 
(locally required but not the primary output), or locally 
restricted. 

Temporal scale  • Typically rapid, ranging from milliseconds to 
seconds for channel opening and immediate ionic 
effects.  

• Context and readout-dependent; scaffolding and 
microdomain assembly can be rapid, whereas downstream 
outputs such as cytoskeletal remodeling, transcriptional 
activation, junctional reorganization, or barrier changes may 
evolve over minutes to hours. 

Spatial scale  • Often, cell-wide effects on membrane potential, 
osmotic balance, or bulk cytosolic ion 
concentrations.  

• Spatially restricted to cytoplasmic domains, lipid rafts, ER-PM 
contact sites, focal adhesions, adherens junctions, organelles, 
or cell-cell interfaces. 

Downstream 
effects  

• Electrical excitability, membrane potential 
stabilization, global Ca²⁺ elevation, volume 
regulation, or ion homeostasis.  

• Inflammasome assembly, cytoskeletal remodeling, junctional 
reorganization, immune-cell diapedesis, transcriptional 
control, organelle stress responses, or paracrine/juxtacrine 
pathway signaling. 

Therapeutic logic  • Mainly pore blockade, channel opening, or 
modulation of conductance/gating.  

• Targeting interaction domains, scaffolding interfaces, 
localization, trafficking, cargo transport, or microdomain- 
specific signaling. 

A comparative overview of signal nature, temporal and spatial scale, downstream effector mechanisms, and therapeutic targeting logic across 
both signaling modes.  
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The evaluation regarding the impact of these mechan
isms on the (patho)physiology of brain endothelial cells 
and BBB permeability in neuroinflammatory diseases 
requires more in-depth investigation. 

In addition to these established role models, emerging 
candidates support permeation-independent signaling in 
immune and barrier contexts. The noncanonical output 
is mostly attributed to cytosolic interaction domains in a 
context- and cell-specific way. For instance, Kv2.1 
channels can act as an autonomous scaffold organizing 
endoplasmic reticulum (ER)-PM junctions and signaling 
platforms through their C-termini independently of ion 
conduction. At the same time, the functional impact of 
these ER-PM junctions is linked to the spatial organi
zation of local Ca2+-signals. 

Permeation-dependent signaling with spatial restriction 
We define spatially restricted signaling as noncanonical, 
not because ion flux is missing, but because localization 
and molecular coupling specify the output, rather than 
global cytosolic shifts or changes in membrane excit
ability. It is fascinating to observe how microdomains 
switch pathway selectivity, for example, by prioritizing 
local kinases and phosphatases. 

Microdomain organizer 
Spatially restricted signaling is dependent on organizing 
proteins such as stromal interaction molecule 1 (STIM1), 
which interacts with multiple proteins as a scaffold. 
While the detailed upstream pathways connecting 
phosphoinositide 3-kinase (PI3K) signaling, ER Ca²⁺ 
store depletion, and STIM1/ORAI1 activation have 
been reviewed in depth before, we focus on STIM1 as a 
scaffolding protein and microdomain organizer that 
couples store-operated Ca²⁺ entry to spatially restricted 
effector activation. STIM1 serves as a physical anchor 
for regulatory proteins such as SARAF (TMEM66) at 
PM puncta. This interaction stabilizes the junctional 
architecture and allows spatially limited effector activa
tion without global ion overload (Figure 1b1)[14–16]. 
Moreover, the STIM1 molecule, which is localized at 
the ER in its resting state, is a microtubule (MT)-plus- 
end-tracking protein that directly binds EB1 (End- 
binding protein 1) through a highly conserved C-term
inal domain. The complex formation enables the ER to 
move through the cytosol to the dynamically growing 
plus ends of the MTs. This process, known as ‘ER 
hitchhiking’, was first described in HeLa and MRC5-SV 
cells in vitro and enables the spatial organization of the 
ER network.[17–19]. In barrier cells, the STIM1/EB1 
axis coordinates the turnover of focal contacts and the 
directional migration speed in the vascular endothelium 
by coupling the ER network to cytoskeletal dynamics  
[20]. In T-cells, STIM1-Orai clusters accumulate at the 
immunological synapse in a noncanonical manner driven 
by actomyosin forces. This spatial reorganization is 

crucial to establish locally restricted Ca2+ microdomains 
required for sustained T-cell activation [21]. 

Junctional and cytoskeletal coupling in the BBB 
The subcellular localization of the mechanosensitive 
channel Piezo1 is highly dependent on its intrinsic dome 
shape. The channel accumulates in regions of low curva
ture. This curvature dependence determines in which 
membrane domains mechanosensitive signals can arise  
[22]. One example is the enrichment of Piezo1 at focal 
adhesions, where the channel is functionally embedded in 
a bidirectional network of integrin-based adhesion com
plexes and the cytoskeleton [23]. For BBB endothelial 
cells, it has been shown that Piezo1 creates locally confined 
microdomains at focal adhesions, activating calpain in the 
vicinity of the channel and mediating the cleavage of the 
adapter protein talin. The cleaved talin efficiently activates 
integrins and enhances mechanical coupling to the extra
cellular matrix. Under inflammatory conditions, integrin- 
mediated forces dominate over vascular endothelium (VE)- 
cadherin-dependent cell-cell contacts, which weakens the 
paracellular barrier function and promotes the diapedesis of 
immune cells across the permeable BBB (Figure 1b2)  
[24,25]. In immune cells, Piezo1 modulates cell type-spe
cific polarization, adhesion, and migratory/invasive proper
ties, as well as disease burden in the experimental 
autoimmune encephalomyelitis (EAE) mouse model of 
MS in the case of Tregs [26,27]. 

Barrier integrity is controlled at junctions and at the 
cortical cytoskeleton. Spatially restricted ion channel 
signaling is critical when ion flux is translated into force 
transmission, thereby resulting in local remodeling. TRP 
Canonical 6 (TRPC6) exemplifies this principle in bar
rier cells. TRPC6 contributes to stabilizing barrier 
function by binding the actin cross-linker α-actinin 4 via 
its C-terminus, thereby enabling force transfer between 
the cytoskeleton and the channel architecture. This in
teraction anchors TRPC6 in junction-proximal micro
domains where local Ca2+-entry can engage PKCα and 
Src family kinases and couple Ca2+-dependent actin re
modeling to contractile force transmission. Through this 
spatial recruitment of kinases, TRPC6 can regulate the 
phosphorylation status of the VE-cadherin/β catenin 
complex at adherens junctions in the endothelium  
[28–30]. While the basal function supports junctional 
stability, disruption can occur under pathological over
activation that results in enhanced transendothelial mi
gration during neuroinflammation [31]. 

Complementary effects are reported for the K2P channel 
TREK-1. A TREK-1 knockout (KO) leads to a wor
sened EAE phenotype compared to the wild type, which 
has been linked to an effect on endothelial cells and 
reduced integrity of the BBB [32,33]. The protective 
effect of TREK1 can be attributed to its function as a 
cytoskeletal anchor in endothelial cells. Genetic deletion 
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as well as inflammatory downregulation triggers the 
formation of ICAM-1-rich membrane protrusions and 
the altered regulation of cytoskeletal regulatory proteins 
such as cofilin-1. Mechanistically, TREK-1 sequesters 
phosphatidylinositol 4,5-bisphosphate (PIP2) via its C- 
terminus, thereby limiting PIP2 availability for cofilin-1- 
dependent actin reorganization. This protective me
chanism is lost in TREK-1 deficiency, which promotes 
actin destabilization, impairs BBB integrity, and facil
itates immune cell diapedesis [34]. 

Compartment shift or atypical cargo 
Ion channels diversify and specialize signaling beyond 
inorganic ion conductance at the PM. In our opinion, the 
concepts of compartment shift and atypical cargo per
meation illustrate this through the creation of distinct, 
luminal environments and specialized paracrine and 
juxtacrine communication, respectively. 

Organelle signaling spaces 
Organelle-specific signaling can be discussed as a separate 
form of noncanonical signaling, as platforms are established 
independently of the classical PM paradigm and thus es
tablish their own signaling spaces. The stimulator of in
terferon genes (STING) is an interesting role model for 
specialized organelle signaling, because it links compart
ment shift to inflammatory stress programs. Under basal 
conditions, STING is retained at the ER [35]. In response 
to activation with cyclic dinucleotides such as cGAMP or 
exocytic stress, STING translocates to the Golgi, where 
activated STING has been shown to function as a selective 
H+-channel [36–38]. The STING-mediated H+-efflux 
causes a pH-shift in neurons and the autophagic degrada
tion of glutathione peroxidase (GPX-4). This triggers spe
cific ferroptotic cell death and subsequent pathological 
axonal loss in the EAE model [37–39]. The more ex
tensively studied downstream pathway is, however, ion flux 
independent. STING serves as a scaffold to ensure the 
specific phosphorylation of the transcription factor IRF3 
(interferon regulatory factor 3), which then migrates to the 
cell nucleus and initiates the type I-interferon response 
(Figure 1c). The subsequent production of IFNβ has a 
protective effect in EAE by stabilizing BBB integrity and 
inducing the differentiation of Tregs [40–42]. Studies with 
the inhibitor C53 show that the proton channel can be 
blocked while the subsequent IFN production is com
pletely preserved if the inhibitor is applied after Golgi ar
rival [39]. Conversely, STING can engage proinflammatory 
NFκB outputs and stress-associated cascades, highlighting a 
context-dependent and cell-specific compartment shift 
platform [43,44]. 

TRP mucolipin-1 (TRPML1) provides a complementary 
example for organelle-localized channels within the en
dolysosomal system. TRPML1-mediated Ca2+-efflux is 
functionally relevant for α-synuclein degradation, the 
pathophysiology of lysosomal storage disorders, and the 

clearance of myelin debris in MS via upregulated au
tophagy [45–47]. TRPML1 is furthermore functionally 
relevant for innate and adaptive immune cells. It influ
ences TLR7 responses to single-stranded RNA and di
rects migration to lymph nodes in dendritic cells. In 
natural killer cells, TRPML1 maintains mitochondrial 
fitness via interorganelle crosstalk and lysosome-mi
tochondria contact sites [48,49]. 

Two-pore channels (TPCs) are endolysosomal ion chan
nels that conduct either Ca2+ or Na+, depending on the 
agonist [50]. Under NAADP activation, TPCs generate 
specific Ca2+-nanodomains independently of global Ca2+- 
oscillations and activate calcineurin locally. Beyond con
ductance, TPC function is shaped by PPIs that couple the 
channel to trafficking and organelle contact logic. TPC 
channel sensitivity is influenced by N-terminal binding of 
small GTPases and is functionally coupled to vesicle 
transport. In addition, TPCs interact with proteins of the 
SNARE complex, establishing inter-organelle contact sites 
(e.g. between endosomes and lysosomes) [50]. 

Metabolite and second messenger transport 
Functional signal diversification through ion channels is 
enhanced by channels that conduct organic cargo mole
cules in addition to inorganic ions. These channels in
clude volume-regulated anion channels (VRACs) and 
connexin hemichannels. VRACs are heterohexamers 
formed from LRRC8A in combination with at least one 
other LRRC8 homolog (LRRC8B E) and are classically 
characterized to mediate regulatory volume decrease by 
conducting Cl- and organic osmolytes like taurine [51]. 
This volume regulation can impact BBB integrity, for 
example, by controlling tight junction stability [52]. 
Other functions of VRACs are now known, which are 
mediated via interaction partners or the transport of 
multiple signaling molecules [51,53]. The composition 
of the channel-forming LRRC8 subunits significantly 
determines substrate selectivity and the biological ef
fects in different tissues. One example with direct im
munological consequences is the transport of the second 
messenger cGAMP. In infected or malignant cells, cy
tosolic DNA acts as a danger signal, which is detected by 
the enzyme cGAS (cyclic GMP-AMP synthase). In re
sponse, cGAS produces the signaling molecule cGAMP, 
which can leave the cell via LRRC8C- or LRRC8E- 
containing VRAC-channels. Paracrine signal transduc
tion is particularly important mechanistically. The ex
tracellular cGAMP can be taken up by neighboring cells, 
where it activates the cGAMP-STING signaling path
ways described above. This ensures a coordinated im
mune response of the cellular environment, which also 
involves uninfected cells in order to mediate the best 
possible protective response [54,55]. The functional 
consequence of reduced cGAMP transport through 
VRAC-channels is therefore just as broad and cell-spe
cific as with STING [40,41,53,56]. 
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In the context of atypical cargo, connexins (Cx) must be 
mentioned, which assemble into hexameric PM-spanning 
connexons or hemichannels and function as essential 
components of direct cell communication. Their func
tional diversity results from their ability to form both 
homo- and heteromeric connexons. In healthy tissue, the 
hemichannels of two cells dock to form gap junction 
channels, thereby coupling neighboring cells [57]. Ap
propriately, gap junction channels transmit, for example, 
cGAMP, which enables juxtacrine STING signal propa
gation in cell clusters [55]. Under pathophysiological 
conditions, however, individual hemichannels can also 
establish a bidirectional coupling between the cytoplasm 
and the extracellular space. This enables the flow of in
organic ions such as K+ and Ca2+, but also organic sig
naling molecules, including ATP and NAD+ [58,59]. The 
hemichannel mediates the efflux of ATP from the cell 
interior to the extracellular space, where ATP acts as a 
danger signal and influences adjacent cells. For example, 
ATP can bind to purinergic receptors such as P2X7R on 
microglia or macrophages and trigger the NLRP3 in
flammasome signaling pathway [6,60,61]. NAD+ is es
sential for intracellular energy metabolism and, as an 
extracellular co-substrate of enzymes such as CD38 and 
ecto-ADP-ribosyltransferases, regulates other im
munomodulatory signaling pathways that, for example, 
influence the cytokine response and differentiation of T 
lymphocytes [62,63]. These hemichannel-mediated pro
cesses are important, for example, in the neurovascular 
unit under inflammatory conditions and can undermine 
BBB integrity. Cx43 is expressed on brain endothelial 
cells in close proximity to tight junctions, and the prob
ability of Cx43 hemichannels opening increases sig
nificantly in an inflammatory environment [64–66]. In the 
context of neuroinflammatory diseases, Cx43 hemi
channel activity correlates with the clinical severity of the 
disease in a multifactorial manner, making Cx43 hemi
channel modulators promising therapeutic approaches  
[67,68]. The opposite has been described for Cx32, which 
is essential for oligodendrocyte homeostasis. A loss of 
oligodendroglial Cx32 and Cx47 has been described in 
MS lesions, which correlates with impaired glial coupling 
and may promote demyelination [69–71]. 

VRAC and connexins thus form the infrastructural 
backbone for the transport of immune transmitters, co
ordinating the spread of cellular danger signals and 
contributing significantly to immunological plasticity at 
the neurovascular interface. 

3D protein structure as the basis for the 
development of photoactive compounds 
controlling channel biophysics 
High-resolution cryo-electron microscopy (cryo-EM) is 
an advanced method for the analysis of structural 
channel components involved in noncanonical ion 

channel function and the development of high-precision 
tool compounds for the reversible control of channel 
function. Active small compounds, including channel 
blockers, may serve as the basis for the development of 
photoswitchable chemical probes [72]. Recent advances 
in cryo-EM enable the identification and characteriza
tion of binding sites for photoswitchable molecules and 
direct visualization of the conformational changes. Elu
cidating the molecular recognition of photoswitches on 
the molecular level has, however, still rarely been 
achieved [73], yet it is crucial in order to facilitate their 
optimization and to examine the effects on the overall 
channel structure and function. Azo-compounds, such as 
azobenzene derivatives, that isomerize between distinct 
configurations upon irradiation with light, may bind to 
interacting domains, and their photo-induced change in 
geometry may allow precise, rapid, and reversible control 
of the interaction between the protein subunits [72]. 
Azo-derivatives of channel blockers enable photocontrol 
of ion channels [74,75]. In combination, small molecule 
modification and cryo-EM may allow identifying the 
structural basis of noncanonical ion channel function and 
its pharmacological modulation. 

Therapeutic logic and future directions 
The field of non-canonical ion channel signaling is ver
satile, fast evolving, and opening a new conceptual layer 
to explain how ion channels shape immune responses 
and barrier integrity beyond membrane excitability (key 
points, Table 2). 

Despite these advances, mechanistic gaps remain (out
standing questions, Table 2). It is often not clear whe
ther structural effects are fully preserved in permeation- 
deficient mutants or whether ion conduction plays a 
permissive role in scaffolding. Ultimately, a clear dis
tinction between noncanonical functions is essential in 
order to evaluate the therapeutic potential of ion chan
nels. A methodological toolbox for this purpose is sum
marized in Table 3. 

Globally suppressing the channel function through pore 
block faces several limitations. Among them are a narrow 
therapeutic window and systemic side effects for ubi
quitously expressed ion channels. Pore block can also 
miss the relevant pathology driving signaling axis if the 
dominant output is scaffold-based, microdomain- or or
ganelle-restricted. Thus, detailed characterization of 
non-canonical mechanisms reveals new avenues for 
precision medicine. Targeted manipulation may address 
specific intracellular domains or PPI interfaces. 
Furthermore, allosteric modulators that stabilize distinct 
signaling-competent conformations, along with strate
gies to redirect organelle-specific trafficking or sub
cellular localization, provide unprecedented precision in 
decoupling pathological outputs from physiological 
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Table 2 

Summary of key points and outstanding questions regarding non-canonical ion channel signaling impacting immune and endothelial 
barrier cells.    

Key points Outstanding questions   

• Ion channels act as scaffolds, organizers, and transporters, 
not only as pores.  

• When is ion flux permissive versus truly dispensable for scaffolding 
outputs?  

• Non-canonical outputs cluster into permeation-independent, 
microdomain-restricted, and compartment or cargo 
mechanisms.  

• Which non-canonical interactomes are cell-type specific, and which are 
conserved across tissues?  

• Barrier integrity is particularly sensitive to localized channel- 
cytoskeleton coupling in junction-proximal microdomains.  

• Can we pharmacologically target microdomain logic without systemic 
effects on ubiquitous Ca2+ signaling?  

• Neurovascular endothelium offers a tractable paradigm to link 
non-canonical channel logic to immune cell diapedesis.  

• How do organelle channel functions vary across inflammatory states, 
and what are the best in vivo readouts for compartment-specific 
signaling?  

• Therapeutic strategies should increasingly target domains, 
interactions, and trafficking rather than pores.  

• Which intervention class is most feasible in vivo: domain binders, PPI 
inhibitors, or trafficking modulators?   

Table 3 

Methodological toolbox: how to prove non-canonical signaling? To clearly distinguish biophysical ion conduction from structural or 
coordinative functions, rigorous methodological triangulation is required.    

Approach Details  

Pore-dead mutants Point mutations in the selectivity filter region prevent permeation, while the protein remains intact as 
a structural scaffold. Patch-clamp or organelle-localized sensors should show that the mutant is 
indeed current-free. Otherwise, it remains unclear whether residual current has a permissive effect. 
Caveat: Expression, correct folding, and membrane transport of the mutant must be ensured to 
avoid artifacts caused by protein misfolding. 

Separation-of-function mutants Targeted deletion or mutation of intracellular binding motifs (e.g., C-terminus or PDZ domains) while 
maintaining pore permeability. This allows the scaffolding contribution to be considered in isolation. 

Acute pharmacology versus genetic 
deletion 

A classic blocker acts on the pore in milliseconds, while a KO removes the entire protein (including 
the scaffold). If effects persist after pharmacological blockade and only disappear with the KO, this 
is a primary indication of non-canonical functions. 

Compensation & chronic effects Genetic deletion and long-term blockade can reprogram cells transcriptionally and functionally. This 
can activate alternative channels, receptors, or signaling axes, which can mask or mimic the primary 
effect. Therefore, acute approaches and time-controlled depletion should be used. Rescue 
experiments and short-term readouts help to separate primary mechanisms from secondary 
adaptations. 

Inducible protein degradation (dTAG, 
PROTACs) 

Acute, time-controlled depletion of the channel protein to separate primary non-canonical outputs 
from chronic adaptation. dTAG systems use genetically introduced degron tags for rapid 
experimental depletion, whereas PROTACs recruit E3 ligases to endogenous targets and represent 
a potential translational route toward tissue-, cell- or isoform-selective channel degradation. 

Proximity labeling Fusion of the channel with a biotin ligase to label all proteins in close spatial proximity. This enables 
the identification of transient interaction partners (interactome) that bridge the cytoskeleton or 
inflammatory pathways. 

Super-resolution microscopy (STED/ 
dSTORM) 

Use of nanoscopy techniques to visualize the organization of channels in spatially confined 
microdomains below the diffraction limit. 

Spatially confined sensors & tension 
sensors 

Use of FRET pairs or localized biosensors. Specialized tension sensors in intracellular loops can 
also measure whether the channel transmits mechanical force directly to the cytoskeleton. 

Structural validation (cryo-EM) High-resolution imaging of the channel in complex with scaffold partners as a basis for the rational 
design of PPI inhibitors. 

Optogenetic or chemogenetic local 
activation 

Light- or ligand-gated systems can be used to trigger channel activity or channel-associated 
signaling in defined microdomains or subcellular compartments. This provides temporal and spatial 
control and enables causal tests of spatial restriction and compartment shift by confining activation 
to the relevant signaling space.   
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currents. Comprehensive research into selective small 
molecules, peptide mimetics, inhibitors of C-terminal 
interaction surfaces, and tissue-/cell-specific or even 
isoform-selective proteolysis targeting chimeras 
(PROTACs) harbors the chance to finally exploit the 
therapeutic potential of ion channels in neuroimmu
nology beyond ion conductance. 
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