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Summary 

In the brain, calcium plays a crucial role in neural activity and downstream signaling pathways that 

can lead to long term changes to connectivity. In dysfunction calcium plays a role in the different 

pathways leading to cell death. In this thesis I present two projects connected to calcium signaling in 

neurons. In project 1, I hypothesized that the monovalent cationic transient receptor potential 

melastatin 4 (TRPM4) channel, which activated by internal calcium, may boost excitatory synaptic 

transmission in the healthy hippocampus. Using calcium imaging and electrophysiology I found no effect 

of the TRPM4 antagonists 9-phenanthrol and glibenclamide on synaptic transmission in hippocampal 

slices from healthy mice. TRPM4 is reported to contribute to disease severity in the murine 

experimental autoimmune encephalomyelitis (EAE) model of multiple sclerosis and to neuronal cell 

death in models of excitotoxicity and traumatic brain injury. In slices from wild type EAE mice, 

glibenclamide reduced excitatory synaptic potentials. This effect was absent in TRPM4 deficient mice. I 

conclude that TRPM4 plays a limited role in basal hippocampal synaptic transmission but in EAE a 

glibenclamide-sensitive TRPM4 effect is apparent. 

It is well-established in systems neuroscience that distinct neuronal ensembles participate in the 

formation of memory or drive action however it remains challenging to follow or label these ensembles 

with high spatial and temporal resolution. Recently the tool CaMPARI was developed which 
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permanently photoconverts from green to red only the presence of both elevated calcium and violet 

light (395 nm-405nm). CaMPARI enables marking of active neuronal however it photoconverts in low 

calcium, exhibits slow kinetics and following fixation most fluorescence is lost. My collaborates and I 

developed CaMPARI2 with improved brightness, higher photoconversion contrast and improved 

amenability for immunohistochemical methods, including an antibody specifically against the red 

CaMPARI2 species. 

 In addition to neuronal ensembles, synaptic ensembles are hypothesized to mediate the 

changes in connectivity that occurs during learning or other plasticity-related behaviors. However, it 

remains technically challenging to identify all of the active synapses in tissue. My co-authors and I 

created SynTagMA, a synaptic tag for mapping activity, by targeting CaMPARI2 to the pre- or 

postsynapse. All synapses active within 2 seconds before violet light illumination will be photoconverted 

from green to red. PreSynTagMA can be used to discriminate between active and inactive axons. 

PostSynTagMA can be used to take a snapshot of synapses active just prior to photoconversion. As 

SynTagMA allows for high resolution activity mapping, we demonstrated how to identify and follow the 

fluorescence of synapses over time in an automated fashion. These photoconvertible tools allow for a 

new method for iteratively mapping active neurons and synapses in vitro and in vivo. 

Zussammenfassung 

Im Gehirn spielt Kalzium eine entscheidende Rolle bei der neuronalen Aktivität und den 

nachgeschalteten Signalwegen, die zu langfristigen Veränderungen der Konnektivität führen können. Bei 

Funktionsstörungen spielt Kalzium eine Rolle in den verschiedenen Bahnen, die zum Zelltod führen. In 

dieser Arbeit stelle ich zwei Projekte vor, die im Zusammenhang mit der Kalzium-Signalübertragung in 

Nervenzellen stehen. In Projekt 1 stellte ich die Hypothese auf, dass der durch internes Kalzium 
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aktivierte monovalente kationische Transientenrezeptorpotenzial-Kanal Melastatin 4 (TRPM4) die 

exzitatorische synaptische Übertragung im gesunden Hippocampus verstärken könnte. Mit Hilfe von 

Kalzium-Bildgebung und Elektrophysiologie fand ich keine Wirkung der TRPM4-Antagonisten 9-

Phenanthrol und Glibenclamid auf die synaptische Übertragung in Hippocampusschnitten von gesunden 

Mäusen. Es wird berichtet, dass TRPM4 zur Schwere der Erkrankung im experimentellen Modell der 

experimentellen Autoimmunenzephalomyelitis (EAE) der Multiplen Sklerose bei Mäusen und zum 

neuronalen Zelltod in Modellen von Exzitotoxizität und traumatischen Hirnverletzungen beiträgt. In 

Schnitten von EAE-Wildtyp-Mäusen reduzierte Glibenclamid exzitatorische synaptische Potentiale. 

Dieser Effekt fehlte bei TRPM4-defizienten Mäusen. Ich schließe daraus, dass TRPM4 eine begrenzte 

Rolle bei der basalen synaptischen Übertragung im Hippocampus spielt, aber bei EAE zeigt sich ein 

Glibenclamid-sensitiver TRPM4-Effekt. 

Es ist in der Systemneurologie gut etabliert, dass verschiedene neuronale Ensembles an der Bildung 

von Gedächtnis- oder Antriebsaktionen beteiligt sind, aber es bleibt eine Herausforderung, diese 

Ensembles mit hoher räumlicher und zeitlicher Auflösung zu verfolgen oder zu etikettieren. Vor kurzem 

wurde das Werkzeug CaMPARI entwickelt, das permanent nur das Vorhandensein von sowohl erhöhtem 

Kalzium als auch violettem Licht (395 nm-405nm) von grün nach rot photokonvertiert. CaMPARI 

ermöglicht die Markierung aktiver Neuronen, wandelt jedoch in kalziumarmes Licht um, weist eine 

langsame Kinetik auf und nach der Fixierung geht die meiste Fluoreszenz verloren. Meine Mitarbeiter 

und ich entwickelten CaMPARI2 mit verbesserter Helligkeit, höherem Photokonversionskontrast und 

verbesserter Zugänglichkeit für immunhistochemische Methoden, einschließlich eines Antikörpers, der 

spezifisch gegen die rote CaMPARI2-Spezies gerichtet ist. 

 Zusätzlich zu den neuronalen Ensembles werden synaptische Ensembles angenommen, um die 

Veränderungen der Konnektivität zu vermitteln, die während des Lernens oder anderer 
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plastizitätsbezogener Verhaltensweisen auftreten. Es bleibt jedoch technisch anspruchsvoll, alle aktiven 

Synapsen im Gewebe zu identifizieren. Meine Koautoren und ich schufen SynTagMA, ein synaptisches 

Tag zur Kartierung der Aktivität, indem wir CaMPARI2 auf die Prä- oder Postsynapse zielten. Alle 

Synapsen, die innerhalb von 2 Sekunden vor der Beleuchtung mit violettem Licht aktiv sind, werden von 

grün nach rot photokonvertiert. PreSynTagMA kann zur Unterscheidung zwischen aktiven und inaktiven 

Axonen verwendet werden. PostSynTagMA kann verwendet werden, um eine Momentaufnahme von 

Synapsen zu machen, die unmittelbar vor der Fotokonversion aktiv waren. Da SynTagMA ein 

hochauflösendes Aktivitäts-Mapping ermöglicht, haben wir gezeigt, wie die Fluoreszenz von Synapsen 

automatisch identifiziert und über die Zeit verfolgt werden kann. Diese photokonvertierbaren 

Werkzeuge ermöglichen eine neue Methode zur iterativen Kartierung aktiver Neuronen und Synapsen in 

vitro und in vivo. 

Introduction 

1.0  Ion channels shape signal transduction 

 How do neurons sense their local environments and transduce signals, like light, heat, tension, 

taste? Neurons are surrounded by protein-rich plasma membranes embedded with ion channels and 

when these channels are activated by particular stimuli, downstream signaling pathways give rise to 

physiological processes. These channels conduct specific ions and their opening and closing is 

dependent on a number of chemical, mechanical and electrical stimuli (Hille, 1987). Seminal 

experiments conducted by Hodgkins and Huxley in the 1950’s (Hodgkin & Huxley, 1952), determined 

that changes in ion concentration across a membrane were responsible for action potential generation 

and that those changes were ion species and concentration dependent. Ion conductance in the cell is 

tightly regulated by expression of a number of functionally different ion channels and the local ionic 
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concentration gradient (Kandel, Schwartz, & Jessell, 2000, Chapter 9). Those ion channels are often 

anchored to a specific subcellular locale and the spatial distribution and expression pattern varies 

between cell types and can change depending on their current environment (Bezanilla, 2008). While one 

typically thinks of excitable cells when considering changes in ionic concentrations between the extra- 

and intracellular spaces, ion channels are also crucial for signaling in non-excitable cells. For example, 

voltage-dependent Ca2+-activated K+ channels are typically activated by intracellular calcium release. 

Activation of these channels result in hyperpolarization and increase the driving force for calcium (Nilius 

& Droogmans, 2001).  

In the last fifty years, considerable progress has been made in describing these channels due to the 

advancement of patch clamp electrophysiology, single-channel recordings, and overexpression systems, 

which allow us to study the behavior and pharmacology of individual channels. In addition, incredible 

advances in cryo-electron microscopy in the last decade have made it possible to resolve the crystal 

structures of membrane-bound proteins, which were notoriously difficult to purify (Madej & Ziegler, 

2018). While it is important to study ion channels in a “vacuum” to determine their particular 

properties, another direction of research has focused on studying these channels in the context of 

normal physiology in living tissue. These studies are crucial to understand how certain channelopathies 

can develop and give rise to disease. 

1.1   A calcium-activated nonselective cation current 

Shortly after the advent of single channel recordings in 1981 (Hamill, Marty, Neher, Sakmann, & 

Sigworth, 1981), the first calcium-activated non-selective cation current was described in cultured 

cardiac cells (Colquhoun, Neher, Reuter, & Stevens, 1981). Shortly thereafter, numerous studies 

described this current; referred to as either the non-selective cation current of the Ca2+-activated type 

(NSCCa) or the calcium-activated nonselective cation current (ICAN). This thesis will predominately use the 
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ICAN nomenclature. Early studies described a current with minimal voltage sensitivity, equal permeability 

to K+ and Na+, Ca2+ impermeable, activation by intracellular calcium, inhibition by intracellular 

AMP>ADP>ATP and antagonism by flufenamic acid (Endo, Kurachi, & Mishina, 2000, Chapter 25; Nilius & 

Droogmans, 2001; L. Donald Partridge, Müller, & Swandulla, 1994). ICAN has been described in both 

excitable and non-excitable cells including but not limited to epithelial cells (Popp & Gögelein, 1992), 

pancreatic secretory cells (Sturgess, Nicholas Hales, & Ashford, 1986), cardiomyocytes (Guinamard et al., 

2004), and neurons (L. Donald Partridge et al., 1994). However, the channel(s) responsible for these 

currents remain enigmatic. One particular superfamily of ion channels came into focus as a potential 

source of ICAN: the transient receptor potential (TRP) superfamily. 

1.2   The transient receptor potential superfamily 

In mammals, the transient receptor potential (TRP) ion channel superfamily is made up of 28 

different channels split into six protein families based on their homology: canonical TRPs (TRPC), 

vanilloid TRPs (TRPV), melastatin TRPs (TRPM), mucolipin TRPs (TRPMLs), polycystins TRPs (TRPPs), and 

the ankyrin TRP (TRPA) (Fig. 1A) (Gees, Colsoul, & Nilius, 2010). Similar to voltage-gated channels, TRP 

channels have six transmembrane (TM) domains with the pore-forming loop between TM5 and TM6. 

Both N- and C-termini are intracellular. The structural and functional domains vary considerably 

between TRP channels. The channels likely form tetramers and there have been reports of both 

homomeric and heteromeric TRP channels (Vetter & Lewis, 2011). TRP channels are found in both 

excitable and non-excitable tissues. Their function has been linked to chemo-, thermo-, and mechano-

sensation, metabolic regulation, and cell homeostasis (Gees et al., 2010). All TRP channels conduct 

monovalent and divalent cations with the exception of TRPM4 and TRPM5, who only conduct 

monovalent cations. TRP channels are often involved in feedback loops regulating internal calcium 

concentrations (Fig. 1B-C). In 2002, the TRPM4 channel was cloned and described. It has a 25 pS 

conductance, direct activation by internal Ca2+, permeable to Na+ and K+  but not Ca2+; suggestive that 
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TRPM4 could be the molecular identity of ICAN (Launay et al., 2002). The years following provided 

evidence supporting TRPM4 as the molecular identity of ICAN. To clearly introduce TRPM4, I will briefly 

discuss its characterization in the central nervous system and in pathophysiology. 

1.3   Characterization of TRPM4 in overexpression models 

The first study to clone TRPM4 channel found expression in numerous tissue types; the highest 

being heart, prostate and colon  (Xu, Moebius, Gill, & Montell, 2001). HEK-293 cells overexpressing the 

TRPM4 clone showed higher basal calcium levels than controls and increased intracellular calcium upon 

exposure to high extracellular calcium. The study concluded that the channel may be permeable to 

calcium or at least involved in a feedback-mechanism for calcium influx. This was a first hint at possible 

TRPM4 channel regulation by internal calcium concentrations. A year later, another group cloned and 

characterized the TRPM4 channel (Launay et al., 2002). It expresses on the membrane and forms 

homomers in overexpressing HEK-293 cells. In whole-cell patch clamp and single channel recordings, 

TRPM4 is activated by >300 nM internal Ca2+, has a 25 pS conductance and is permeable only to 

monovalent cations. Interestingly, they also report endogenous expression of TRPM4 in HEK-293 cells. 

The gene variant cloned in the 2002 study is named TRPM4b as it is 174 amino acids longer than the 

gene cloned by Xu et al (2001), which is named TRPM4a. It is hypothesized that TRPM4a is a splice 

variant and the TRPM4b is the full-length gene. The majority of existing studies use the full-length 

TRPM4b variant overexpressed in HEK-293 cells (Mathar et al., 2014). The N- and C-termini of TRPM4 

contain several protein kinase-C (PKC) phosphorylation sites, two ATP-binding cassette transporter-like 

motifs, four Walker B sites (putatively ATP-binding), a putative phosphatidylinositol 4,5-bisphosphate 

(PIP2), and five calmodulin-binding sites (Vennekens & Nilius, 2007) (Fig. 1C). Indeed, TRPM4 is inhibited 

by intracellular ATP (Nilius et al., 2005; Nilius, Prenen, Voets, & Droogmans, 2004) and channel 

desensitization can be rescued by PIP2 (Nilius et al., 2006; Zhang, Okawa, Wang, & Liman, 2005). 

Calmodulin and PKC binding increase TRPM4 sensitivity to Ca2+ but not exclusively as mutations to all 
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binding sites do not prevent TRPM4 opening (Nilius et al., 2005). TRPM4 opening probability is also 

temperature sensitive, similar to many TRP channels (Talavera et al., 2005).  

Although TRPM4 has a number of the described ICAN characteristics, it should be noted that TRPM5 

shares approximately 50% homology with TRPM4 and unsurprisingly the two channels share a few 

properties. Briefly, TRPM5, like TRPM4, is calcium-activated, selective for monovalent cations and 

modulated by PIP2 (Fig. 1D). In contrast to TRPM4, TRPM5 is has a higher affinity for intracellular calcium 

(EC50 of 0.7 µM versus 20 µM of TRPM4) and is insensitive to ATP (Ullrich et al., 2005). Unlike TRPM4, 

TRPM5 expression is less ubiquitous. It is predominately expressed in taste receptor cells, olfactory 

neurons and other chemosensory tissues (Liman, 2014). To distinguish the action of these channels from 

each other and many others, particularly in tissue, specific and potent pharmacology is necessary.  

 
Figure 1: The TRP family and TRPM4/5 

A) The TRP family tree B) TRP channels depolarize excitable cells by activating voltage gated channels 

and C) modulate driving force for calcium in non-excitable cells. Depolarization reduces calcium entry 

by ORAI channels. Hyperpolarization by K+ channels increases calcium entry. This feedback loop is 

tightly regulated, in part, by TRP channels. D)TRPM4 and TRPM5 share 50% homology including 

regions on the N-termini (MHR) and the steady-state current–voltage relationship is characterized by 

outward rectification with slight voltage dependence (CC, coiled-coil region). 

Adapted from: (Fleig & Penner, 2004; Gees et al., 2010) 
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1.5  Pharmacology for TRPM4 

A particular challenge when studying TRPM4 is the availability of potent and specific antagonists. 

While overexpression studies show inhibition of TRPM4 by intracellular ATP (Fig. 2A), directly 

manipulating ATP concentration in the cell could have far-reaching effects on many cellular processes 

and likely engage multiple cellular processes, not only TRPM4 antagonism. Instead, pharmacological 

agents are a better option for studying TRPM4 in tissue.   

Flufenamic acid (FFA) is a non-steroidal anti-inflammatory drug (NSAID), whose limited effectiveness 

in comparison to other NSAIDs coupled with deleterious side effects resulted in the discontinuation of 

its use in patients in the 1970s (Guinamard, Simard, & Del Negro, 2013). However, it found new purpose 

when it proved useful in the study of ion channels. Early studies describing ICAN found FFA was an 

extremely effective antagonist for the current in multiple cell types (Endo et al., 2000; Nilius & 

Droogmans, 2001; L D Partridge & Swandulla, 1988). Unfortunately, FFA blocks both TRPM4 and TRPM5 

currents (Ullrich et al., 2005) (Fig. 2B). In fact, FFA is an effective agonist or antagonist for numerous TRP 

channels, Cl- channels, Na+ channels and K+ channels (reviewed in depth here: Guinamard et al., 2013). 

While FFA is reported to have relatively high affinity for TRPM4 (EC50=2.8 µM) in comparison to other 

channels, its promiscuity with other channels and receptors makes it an insufficient antagonist to 

exclusively study TRPM4 currents (Guinamard et al., 2013). 
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Figure 2: Pharmacology for TRPM4 

Concentration-response curves for TRPM4 antagonists Normalized current amplitudes versus A) free 

ATP concentration. B) FFA for TRPM4 (open circles) and TRPM5 (black squares) C) 9-phenanthrol and 

D) compound [5]. E) Current versus glibenclamide for the SUR/TRPM4 (black squares) and TRPM4 

alone (open circle). Note that the IC50 for SUR1/TRPM4 does not antagonize TRPM4 alone. 

Adapted from: A: (Nilius, Prenen, Voets, et al., 2004), B & D: (Ozhathil et al., 2018), C: (Ullrich et al., 

2005) E: (Woo, Kwon, Ivanov, Gerzanich, & Simard, 2013) 

 

In 2008, a new compound, 9-phenanthrol, was shown to specifically antagonize TRPM4 but not 

TRPM5 (Grand et al., 2008). 9-phenanthrol rapidly and reversibly inhibits TRPM4 at an IC50 of 20 µM and 

specifically blocks native TRPM4 currents in HEK-293 cells (Fig. 2C) (Amarouch, Syam, & Abriel, 2013) 

and in cardiac cells with TRPM4-like currents (C. Simard, Hof, Keddache, Launay, & Guinamard, 2013). 

The majority of TRPM4 studies have used 9-phenanthrol as a selective inhibitor however it important to 

note its reported off-target effects. In cardiac cells, 9-phenanthrol, at concentrations above 100 µM, 

reduces L-type calcium channel currents and delayed outward rectifier potassium currents (C. Simard, 

Sallé, Rouet, & Guinamard, 2012). Additional off-target effects of 9-phenanthrol include antagonism of 
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the calcium-activated chloride channel, TMEM16A, with an IC50 of 12 µM (Burris, Wang, Bulley, Neeb, & 

Jaggar, 2015) and activation of the calcium-activated potassium channel KCa3.1 (Garland et al., 2015).  

Another interesting TRPM4 antagonist is glibenclamide. Glibenclamide is a sulfonylurea that targets 

ATP-sensitive K+  channels (KATP). It is a commonly used as an anti-diabetic drug because KATP channels 

regulate insulin secretion in pancreatic cells (Ashcroft, 2005). They are hetero-octomeric channels made 

up of the inward-rectifier potassium channel, Kir6.2, and sulfonylurea receptor, SUR1. SUR receptors are 

members of the ATP-binding cassette (ABC) transporter family and SUR1 acts as an ion channel 

regulator rather than a transporter (Aittoniemi et al., 2009). Glibenclamide was first linked to TRPM4 

blockade in a study of (Demion, Bois, Launay, & Guinamard, 2007). Sino-atrial-node cells express TRPM4 

and FFA and glibenclamide (both at 100 µM) block TRPM4-like ICAN in sino-atrial-node cells and TRPM4 

overexpressing HEK-293 cells. The block of TRPM4-like currents by glibenclamide suggests a possible 

interaction of TRPM4 with SUR1. In 2013,  SUR1 amd TRPM4 were shown to forms a heteromeric 

channel (Woo et al., 2013). Interestingly, in COS-7 cells overexpressing either SUR1/TRPM4 or TRPM4 

alone, glibenclamide antagonizes the SUR1/TRPM4 channel more efficiently than TRPM4 alone (IC50 of 

850 nM versus ~100 µM, Fig. 2E). The coupling of TRPM4 and SUR1 has been predominately associated 

with disease states and will be reviewed in-depth later in this thesis. Although glibenclamide is a TRPM4 

antagonist, it will also target KATP channels, whose action is hyperpolarizing whereas TRPM4 is 

depolarizing and its potency is modulated by its channel composition. 

Recently, compound [5],  a chemical analogue of flufenamic acid, showed high specificity and 

selectivity for TRPM4 (Ozhathil et al., 2018). Compound [5] has an IC50 of ~1 µM for TRPM4 (Fig. 2D). 

Electrophysiology and radio-ligand binding assays showed high specificity of compound [5] for TRPM4. 

Compound [5] showed no to little interaction with these channels: TRPM5, TRPM7, TRPM8, TRPV1, 

TRPV6, GABAA-α1 subunit, N-methyl-D-aspartate (NMDA) receptor, L-type and N-type Ca2+ channels, and 
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hERG channels, even at concentrations 10-100 times higher than the IC50 for TRPM4. This was the first 

evidence of what appears to be a truly selective and potent inhibitor specifically for the TRPM4. Further 

studies will tell whether this inhibitor retains its crown as a selective and potent TRPM4 antagonist. 

Compound [5] is available commercially as CBA (4-Chloro-2-[[2-(2-chlorophenoxy)acetyl] amino]benzoic 

acid). Few studies, as of now, have used CBA to study TRPM4 channels (Bianchi, Smith, & Abriel, 2018; 

O’Malley, Seibt, Chin, & Beierlein, 2020), however I expect this to rapidly change in the coming years. 

The crystal structures of mouse and human TRPM4, with or without calcium, ATP and decavanadate 

were recently resolved and I expect further development of precise pharmacology for the channel in the 

future (Autzen et al., 2017; Duan et al., 2018; Guo et al., 2017; Winkler, Huang, Sun, Du, & Lü, 2017).  

1.6   TRPM4 in the nervous system 

1.6.1  Sensation 

TRP channels are associated with numerous sensory processes and TRPM4 has been linked to 

olfaction and taste (Vetter & Lewis, 2011). Olfaction is a critical sensory modality that conveys 

information important for mating via pheromones, food, and stress. The olfactory system transduces 

these chemical signals to give rise to relevant behaviors. It can be split into the main and accessory 

olfactory systems (Bakker & Leinders-Zufall, 2015). Briefly, the vomeronasal sensory neurons (VSNs) of 

the vomeronasal organ (VNO) sense the chemicals and send their axons and synapse onto the mitral 

neurons of the accessory olfactory bulb (AOB), who project to higher brain areas (Bakker & Leinders-

Zufall, 2015). AOB mitral neurons can undergo prolonged excitation and persistent firing (PF). Strong 

synaptic stimulation drives PF lasting up to several minutes in AOB mitral neurons. PF can also be 

induced by GABAA blockade, likely due to a local inhibitory network controlling AOB firing. Intracellular 

calcium chelation, FFA and 9-phenanthrol reduces PF in AOB neurons and these neurons also express 
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TRPM4; suggesting that TRPM4 is at least partially responsible for PF in these cells (Shpak, Zylbertal, 

Yarom, & Wagner, 2012).  

Upstream of the AOB, the VNO also expresses TRPM4. Specifically, vomeronasal sensory neurons 

express TRPM4 in the somata and dendrites with little to no expression in the axons (Eckstein et al., 

2020). This expression pattern was determined using a TRPM4-IRES-Cre knock-in mouse line crossed 

with a tauGFP reporter line, which reports recent promotor activity. Interestingly, differential expression 

levels in female mice is linked to the estrus cycle with the highest expression occurring at the proestrus 

and estrus stages. TRPM4 seems to be involved in the transduction of chemical information specifically 

related to mating and pheromones. Future study will have to determine the physiology of TRPM4 at 

these neurons. 

Although TRPM5 remains the better studied channel in in taste sensation, TRPM4 has also been 

linked to taste (Dutta Banik, Martin, Freichel, Torregrossa, & Medler, 2018). Taste receptor cells sit 

inside of the taste buds on the tongue. Type II receptor cells detect umami, sweet and bitter stimuli. 

Specifically, in these cells, taste is transduced by G-protein coupled receptor (GPCR) activation of the 

phospholipase C pathway (PLC), which triggers calcium release from internal stores. The resulting rise in 

internal calcium, in turn, triggers TRPM5 activation and drives further depolarization (Guinamard, Sallé, 

& Simard, 2011). Although it is well-established that TRPM5 is crucial for detection of the bitter, sweet 

and umami tastes, there remained the possibility of TRPM4 in mediating taste transduction. Using 

careful pharmacology, immunohistochemistry, single and double genetic deletion of TRPM4 and TRPM5, 

it was shown that both channels mediate detection of taste in type II cells (Dutta Banik et al., 2018). 

Double knock-out of these channels eliminated taste-evoked Na+ currents and behaving animals show 

an absence of sweet/umami/bitter taste detection. The rise time of TRPM5 is faster than TRPM4, 

suggesting that TRPM4 requires a higher internal calcium concentration to open; matching previous 
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single channel calcium sensitivity measurements of TRPM4/5 (Dutta Banik et al., 2018; Ullrich et al., 

2005) Taste perception is also modulated by temperature and both TRPM5 and TRPM4 are similarly 

activated by heat (Talavera et al., 2005). 

1.6.2 preBötzinger Complex  

The role of TRPM4 in synaptic transmission and bursting is probably best described in the 

preBötzinger Complex (preBötC) compared to other brain areas. Breathing is a fundamental behavior 

that is generated by a complex network of cellular, molecular and network mechanisms. The preBötC is 

a medullary microcircuit at the core of the central pattern generator responsible for inspiration. One 

well-studied subpopulation of neurons in the preBötC are the glutamatergic neurons, whose precursors 

express developing brain homeobox 1 (DBX1). DBX1+ neurons have rhythmic membrane properties (C. 

A. Del Negro, Funk, & Feldman, 2018). How inspiration is generated has been a subject of debate and 

one popular hypothesis includes the existence of pacemaking neurons in the preBötC. The proposed 

mechanism for pacemaker cells is the presence of cell-intrinsic currents including INa+ and ICAN. Blockade 

of those currents ceased bursting but enhancing of cell excitability was enough to recover this block (C. 

a. Del Negro et al., 2005). Rather than pacemakers driving inspiratory rhythm generation, accumulating 

evidence supports an emergent network burstlet model, in which a relatively quiet network becomes 

increasingly excited via spontaneous activity of a few locally connected preBötC neurons. This activity 

eventually drives inspiratory bursting with an underlying 20-40 mV drive potential mediated by ICAN (C. A. 

Del Negro et al., 2018). In preBötC neurons, intracellular PIP2 rescues ICAN desensitization, ICAN is blocked 

by FFA, 9-phenanthrol, and ATP, it is activated downstream of NMDA and mGlu5 receptors, ICAN 

conductance is ~24 pS, and ICAN  is activated by calmodulin and may be downstream of IP3-modulated 

endoplasmic reticulum (ER) calcium release (Crowder et al., 2007; Mironov, 2008, 2013; Pace, Mackay, 

Feldman, & Del Negro, 2007). These features point strongly at TRPM4 as the molecular candidate 

underlying the ICAN inspiratory drive potential but, only recently, two studies directly studied the impact 
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of TRPM4 knock-out or knock-down on inspiration in vivo and inspiratory bursting in vitro (Koizumi et al., 

2018; Picardo et al., 2019). They determined that indeed, TRPM4 is responsible for the drive potential in 

DBX1+ neurons in the preBötC. Knock-down of TRPM4 increased breathing frequency and decreased 

volume of breath leading to gasping and sometimes death. Both studies conclude that although TRPM4 

currents are crucial to inspiratory bursting, they do not drive the rhythmogenesis of those bursts. They 

suggest rather that TRPM4 contributes to the first stage of bursting.  

1.6.3 Basal ganglia 

In the substania nigra, tonic and phasic dopamine release are thought to underlie behaviors like 

motivation, movement and reward learning (Cox & Witten, 2019). Neurons in both the substantia nigra 

pars compacta (SNc) and the substantia nigra pars reticulata (SNr) exhibit tonic and burst firing. The 

sustained depolarization required for burst firing is hypothesized to be mediated by ICAN. It remains 

unclear what channels are responsible for these currents and the variation could be in part due to 

anatomical differences. In the SNr, H2O2 and FFA modulate burst firing and introducing TRPM2-specific 

antibodies intracellularly  blocked burst firing (Lee, Machold, Witkovsky, & Rice, 2013). However, the 

authors acknowledge that the described current fits well with TRPM4 features and that TRPM4 has been 

implicated in near identical currents in the SNc. In the SNc, TRPM2 and TRPM4 mRNA is expressed 

specifically in the GABAergic-positive neurons and FFA and 9-phenanthrol reduce tonic and burst firing 

(Mrejeru, Wei, & Ramirez, 2011).  

1.6.4 Hippocampal formation 

The hippocampal formation includes the hippocampus, entorhinal cortex, presubiculum, 

parasubiculum and subiculum (Andersen, Morris, Amaral, Bliss, & O’Keefe, 2006, Chapter 3). The 

entorhinal cortex (6-layers) bidirectionally connects the hippocampus to cortical areas (Valero & de la 

Prida, 2018). The hippocampus; a tri-synaptic circuit consisting of the dentate gyrus (DG), CA3, and CA1; 
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is one of the most highly studied structures in the brain crucial to learning and memory. Milner’s work 

with patient HM, who could no longer form new declarative memories, demonstrated the importance of 

the hippocampus in memory and the discovery of long-term potentiation (LTP) gave a potential 

mechanism for learning and memory (Andersen et al., 2006, Chapter 1; Bliss & Lømo, 1973). Since then, 

there have been thousands of studies describing types of LTP, necessary molecular components for its 

expression, and linking LTP to behavior (Nicoll, 2017). One required component for the expression of LTP 

is calcium-dependent depolarization at the postsynaptic neuron (Lynch, Larson, Kelso, Barrionuevo, & 

Schottler, 1983). 

 Being activated by intracellular calcium and having a slight voltage dependence at positive 

potentials suggests that TRPM4 could contribute to the expression of synaptic plasticity by boosting 

depolarization. In TRPM4 knock-out mice, theta-burst LTP is impaired and high-frequency LTP is partially 

impaired (Menigoz et al., 2016). The theta-burst LTP phenotype could be rescued in TRPM4 knock-outs 

by depolarizing the postsynaptic neuron; suggesting that TRPM4 boosts depolarization downstream 

from NMDARs. No differences in spine density, dendritic complexity, input/output curves, and basic cell 

parameters were reported between wild-type and TRPM4 knock-out animals.  Another study from the 

same group showed that when LTP is induced using implanted electrodes in vivo, LTP in TRPM4 knock-

out rats decay faster in comparison to wild-type animals (Bovet-Carmona et al., 2018). Additionally, 

TRPM4 knock-out rats have a weak albeit specific memory impairment in the Barnes maze. Knock-out 

animals perform worse than control animals, as they revisited holes more often and failed to learn new 

escape tunnel locations. These all indicate impairments in working-memory and spatial reference, 

although they did not perform differently than wild-type rats in the Morris water maze. Finally, low-

frequency stimulation of the Schaffer collaterals using implanted electrodes in vivo, causes a delayed 

and less pronounced blood oxygenation levels in the target regions compared to wild-type animals 

(Bovet-Carmona et al., 2019). These are the only studies of TRPM4 in the hippocampus. 
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Expanding the search for TRPM4-like currents in the hippocampal formation to include the keyword 

ICAN, I found a number of studies focused on intrinsic excitability and persistent firing. While the identity 

of ICAN in some brain areas like the preBötC focused predominately on TRPM4, in the hippocampus the 

TRPC channel family was hypothesized to mediate ICAN currents, specifically related to persistent firing.  

Persistent firing (PF) is defined by prolonged activity of the postsynaptic neuron after an input is 

finished, typically in the presence of neuromodulator. It is thought to be a cellular mechanism for short-

term memory formation (Debanne, Inglebert, & Russier, 2019; Vetter & Lewis, 2011, Chapter 31). In 

acute slice preparations of hippocampus and entorhinal cortex, carbachol-driven PF has been described 

in CA1, CA3, and medial entorhinal cortex (Arboit, Reboreda, & Yoshida, 2020; Egorov AV, Hamam BN, 

Fransen E, Hasselmo ME, & AA., 2002; Jochems & Yoshida, 2013; Knauer, Jochems, Valero-Aracama, & 

Yoshida, 2013; L. Donald Partridge & Valenzuela, 2000; Yoshida, Knauer, & Jochems, 2012). Most studies 

link TRPC3/4/5 channels to the depolarizing current underlying PF as it is blocked by FFA and the 

nonspecific TRP/TRPC antagonist SKF96365 (Singh, Hildebrand, Garcia, & Snutch, 2010; Tai, Hines, Choi, 

& MacVicar, 2011). Recently, it has become evident that TRPC channels may not exclusively carry ICAN. In 

medial entorhinal pyramidal cells, carbachol-induced PF is not eliminated in either TRPC1/4/5 triple 

knock-out or complete TRPC1/2/3/4/5/6/7 hepta knock-out mice (Egorov et al., 2019). Most antagonists 

used to study PF are non-specific; i.e. FFA and the TRPC antagonist, SKF96365, which has not been 

tested for off-target effects on TRPM4. In layer 5 neurons of the entorhinal cortex, gabazine-induced 

bursting was reduced by 9-phenanthrol but not SKF96365. The reduction in bursting by 9-phenanthrol 

was more pronounced when puffed close to the soma (E. C. Lin, Combe, & Gasparini, 2017). In general, 

the underlying ion channel(s) responsible for ICAN involved in PF in the hippocampal formation remains 

unknown but studies in other brain areas hint at a role of TRPM4.  

1.6.5 Prefrontal cortex & thalamus 
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Persistent firing in the presence of neuromodulators, including carbachol, has also been described in 

the prefrontal cortex and a component of PF is the slow afterdepolarization (sADP) (Haj-dahmane & 

Andrade, 1998; Yan, Villalobos, & Andrade, 2009). In layer 5 pyramidal neurons of the mouse prefrontal 

cortex TRPM5, not TRPM4, was found to modulate at least 40% of the current responsible for sADP (Lei 

et al., 2014). Interestingly, 9-phenanthrol reduces sADP in wild-type and TRPM4 knock-out mice 

indicative of clear off-target effects of 9-phenanthrol. TRPM4 is expressed predominately at the soma 

and primary apical dendrite of excitatory and inhibitory neurons in layer 2/3 of the mouse prefrontal 

cortex and TRPM4-like currents are blocked only when 9-phenanthol is puffed at the proximal portion of 

these neurons (Riquelme et al., 2018). 

Slow rhythmic activity in the thalamocortical system has been linked to sleep spindle generation, 

plasticity and memory consolidation (Beenhakker & Huguenard, 2009; Diekelmann & Born, 2010). 

Neurons in the thalamic reticular nucleus (TRN) generate this slow rhythmic firing and there is some 

evidence for it being supported by ICAN (Crunelli & Hughes, 2010). In the TRN, a subset of neurons display 

PF and the proportion of neurons displaying this behavior is increased when small-conductance calcium-

activated K+ (SK) channels are blocked (O’Malley et al., 2020). The initial generation of PF is dependent 

on calcium influx via T-type Ca2+ channels. Although TRPC channels have long been implicated in PF, 

TRPC3 and TRPC1/4/5/6 quadruple knock-out revealed no elimination of PF in the TRN. Instead, PF 

depolarization is sustained by TRPM4 activation. However, it cannot be ruled out that the TRPM4-

dependent effect on PF may be due to off-target effects of 9-phenanthrol, glibenclamide or CBA but the 

consistent elimination of PF by all three TRPM4 antagonists is promising. Again, ICAN, previously thought 

to be mediated by TRPCs in these brain areas, may involve TRPM4 as well. 

1.6.6 Cerebellum 
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The cerebellum shows relatively high mRNA expression of TRPM4 in the Allen Brain Atlas in situ 

hybridization and Purkinje cells express TRPM4 and TRPM5 in the soma and dendrites. Following either 

a brief burst of depolarizing steps or burst activation of climbing fiber synapses, Purkinje cells exhibit an 

inward current called DISC (depolarization induced slow current), which may be mediated by ICAN  (Shin, 

Kim, Worley, & Linden, 2009). DISC is blocked by 9-phenanthrol, glibenclamide and FFA but TRPM4 or 

TRPM5 single knock-out or a TRPM4/5 double knock-out reveals that DISC is specifically but only 

partially (~40%) mediated by TRPM4. The partial block of DISC is not due to complete TRPM4 knock-out 

as acute knock-down also only partially blocks DISC (Y. S. Kim et al., 2013).  

Another recent study found a role of TRPM4 in another cerebellar cell type, the granule cell (GrC). 

Granule cells receive input from the mossy fiber cells and their axons make up the parallel fibers (Kandel 

et al., 2000). GrCs display regular non-adapting spiking behavior however a new modeling study 

suggests that GrCs may exhibit other firing patterns when given long (2 second) depolarizing current 

injections (Masoli et al., 2017). A follow-up study tested the model experimentally and found three 

types of firing behavior in these cells: non-adapting, adapting and accelerating. 9-phenanthrol only 

blocked firing in accelerating-type cells. Accelerating has a similar phenotype as that for persistent firing. 

Interestingly, the differentiation of spiking behavior is only apparent when the mossy fibers are driven at 

low frequencies, i.e. ~20 Hz (Masoli, Tognolina, & Angelo, 2019). 

1.7 TRPM4 in pathophysiology 

Above, I described the diverse signaling processes that TRPM4 has been linked to in normal 

physiology and it is unsurprising that TRPM4 is involved in a pathophysiology as well. TRPM4 mutations, 

including both gain and loss of function variants, have been found in patients with progressive familial 

heart block and Brugada syndromes (Guinamard et al., 2015). TRPM4 has also been linked to some 
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cancers and tumorigenesis (Gao & Liao, 2019). However, the focus of this thesis is the nervous system 

and I will not go into further details on these disorders. 

1.7.1   Central nervous system injury 

Injury to the central nervous system (CNS) can arise from acute traumas, often by blunt force, 

leading to hemorrhage, edema (i.e. brain swelling), ischemia, and secondary injury events. Traumatic 

brain and spinal cord injuries effect a broad swath of the population; emphasizing the importance of 

preclinical and clinical studies on the mechanisms underlying both the acute and long-term effects of 

such trauma (Ghajar, 2000). TRPM4 has been extensively implicated in types of acute brain injury. 

Brain injury can be split into primary and secondary injury. Generally, it’s thought that clinical 

intervention for primary injury is not feasible however intervention is possible for secondary injury. 

Secondary injury includes cerebral edema and contusion expansion and are considered to be potentially 

more damaging than the initial event (Jha et al., 2020; Jha, Kochanek, & Simard, 2019). Brain swelling 

and hemorrhage trigger a number of cellular and molecular pathways that ultimately can lead to cell 

death. TRPM4 sensitivity to Ca2+ is facilitated by ATP depletion, which typically occurs when a cell enters 

a depleted metabolic state that accompanies accidental necrosis; a form of cell death (Nilius et al., 2005; 

J. M. Simard, Woo, & Gerzanich, 2012). TRPM4 is also strongly activated by the reactive oxygen species 

(ROS), H2O2 (Leiva-Salcedo, Riquelme, Cerda, & Stutzin, 2017a; Simon et al., 2010). Whereas TRPM4 

usually desensitizes shortly after exposure to high internal calcium, H2O2 blocks this desensitization and 

the H2O2-induced TRPM4-dependent current is blocked by both FFA and glibenclamide. If TRPM4 is 

continuously active when the cell is in state of severe ATP depletion and ROS are being generated, this 

could result in chronic depolarization of the cell. Chronic depolarization can lead to cell swelling and 

ultimately oncotic cell death. In COS-7 cells, TRPM4 overexpression coupled with ATP depletion leads to 

cell swelling, blebbing and oncotic death (Gerzanich et al., 2009).  
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1.7.1.1 The TRPM4/SUR1 channel and brain injury  

In 2001, a SUR1-NSCCa current (i.e. ICAN) was described in astrocytes exposed to sodium azide, a 

metabolic toxin that induces chemical hypoxia (Mingkui Chen & Marc Simard, 2001). This current was 

activated by intracellular Ca2+ and ATP depletion and could be blocked by glibenclamide (M Chen, Dong, 

& Simard, 2003). SUR1 is the regulatory subunit that associates with either the Kir6.1 or Kir 6.2 subunits 

to form the KATP channel (Karschin, Ecke, Ashcroft, & Karschin, 1997). However, KATP channels would 

cause hyperpolarization and to generate the SUR1-NSCCa current, SUR1 likely couples with a different 

channel (Fig. 3).  

 

Figure 3: Opposing actions of SUR1 

coupling to either Kir6.2 or 

NSCCa/TRPM4 

The KATP channel (SUR1/Kir6.2) 

hyperpolarizes upon ATP depletion 
as opposed to the SUR/TRPM4, 

which depolarizes upon ATP 

depletion. 

Adapted from: (J. M. Simard, Woo, 

Schwartzbauer, & Gerzanich, 2012) 

 

In a rodent model for stroke, SUR1 is upregulated at the sites of injury in neurons (NeuN+), 

astrocytes (GFAP+) and capillary endothelial cells (J. M. Simard et al., 2006). Interestingly, in this study, 

neither Kir6.1 nor Kir6.2 are upregulated with the SUR1 subunit; suggesting that indeed, SUR1 couples 

with another channel particularly when there is an injury. Neuron-like cells freshly dissociated from 

injury sites express a functional SUR1-NSCCa current that is blocked by glibenclamide. Finally, using 

glibenclamide as a treatment reduced injury size and edema in a rodent model for stroke. 

Unsurprisingly, the potential molecular partner of SUR1 in the SUR1-NSCCa heteromer, would be TRPM4. 
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In a similar study as described above, TRPM4 is upregulated in a rodent model of spinal cord injury 

(Gerzanich et al., 2009). Although TRPM4 upregulation was visible in many cell types at the core injury 

site, outside of the core TRPM4 expression was restricted to capillaries. The extent of injury was 

alleviated by antisense TRPM4, TRPM4 knock-out and FFA. These studies together implicate the 

existence of a SUR1/TRPM4 channel. 

 Indeed, using co-immunoprecipitation and FRET, a process in which one fluorophore’s (the donor) 

emission will excite the acceptor fluorophore, if the acceptor is within approximately 10 nanometers of 

the donor, SUR1 and TRPM4 were shown to co-associate in both cell culture overexpression systems 

and in tissue (Woo et al., 2013). The channel exhibited the classic hallmarks of ICAN/TRPM4: 23-25 pS 

conductance, activation by internal Ca2+ and ATP depletion. Interestingly, the SUR1/TRPM4 heteromer is 

antagonized by lower concentrations of glibenclamide (~480nM) than TRPM4 alone (~100 µM). Further, 

the heteromer confers a higher sensitivity to ATP and Ca2+ than TRPM4 alone. It should be noted that all 

existing studies confirming association of SUR1 and TRPM4 come from the same lab and another lab has 

disputed the SUR1/TRPM4 association using FRET as well (Sala-Rabanal, Wang, & Nichols, 2012). 

SUR1/TRPM4 channel expression is upregulated in spinal cord injury, traumatic brain injury, 

ischemia, hypoxia, and HIV infection (Jha et al., 2020; Leiva-Salcedo, Riquelme, Cerda, & Stutzin, 2017b; 

Li et al., 2020; Tosun et al., 2013). The cell types in which the SUR1/TRPM4 channel is shown to be 

expressed includes astrocytes, microglia, and endothelial cells (Kurland et al., 2016; Stokum et al., 2018). 

In neurons, the Simard lab has reported upregulation of SUR1 in NeuN+ cells from both rodents and 

humans and presumably there would be corresponding TRPM4 expression in those cells, however this 

remains to be shown (Martínez-Valverde et al., 2015; J. M. Simard et al., 2006). In a model of blunt force 

hippocampal injury, SUR1 was upregulated diffusely in the hippocampus and glibenclamide reduced 

expression of activated caspase-3 (a marker for cell death) compared to untreated. The spatial learning 
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impairment seen in controls was alleviated in glibenclamide-treated animals (Patel, Gerzanich, Geng, & 

Simard, 2010).  

1.7.2 Multiple Sclerosis 

Multiple sclerosis (MS) is a chronic neuroinflammatory disease of the brain and spinal cord that 

effects approximately 2.5 million individuals worldwide (Compston & Coles, 2008). The disease onset is 

rather young, on average 30 years of age, and therefore incurs a heavy burden on healthcare and 

economy. The pathogenesis begins with a CNS inflammatory cascade, predominately caused by auto-

activated T-cells against myelin and myelin-making oligodendrocytes. These T-cells manage to cross the 

blood-brain-barrier (BBB) and drive local inflammatory responses resulting in lesions; characterized by 

demyelination, gliosis, and neurodegeneration (Dendrou, Fugger, & Friese, 2015). The presence of 

lesions is used as a diagnostic tool in MS patients. Determining the mechanisms of disease progression 

remains at the heart of MS research and it is thought that inflammation and neurodegeneration 

together drive this progression.  Presently there is no cure for MS and although the use of 

immunomodulators can reduce relapse frequency, it does not appear to prevent disease progression. 

This hints that our understanding of the underlying disease mechanisms is still lacking and that the 

immune system may not be the only driver of MS. The underlying cause(s) of MS remain unclear but 

genetic susceptibility in combination with environmental factors seem to influence disease penetrance 

(Dendrou et al., 2015). However, it is difficult to experimentally test the role of a particular gene or 

environmental factor on MS disease progression when working with patients. This led to the 

development of an animal model for MS called experimental autoimmune encephalomyelitis (EAE) 

(Glatigny & Bettelli, 2018). A myelin-related protein and a pathogen is injected, and an inflammatory 

response is triggered. The resulting autoimmune response specifically causes axonal damage and 

neurological deficits, mimicking MS in humans. Although there is more than one EAE model, the most 

common injects myelin-oligodendrocyte glycoprotein (MOG); a protein that is expressed on the CNS 
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myelin surface and T-cells reactive to this protein have been found in MS patients (Raddassi et al., 2011). 

MOG-induced EAE leads to a chronic disease phenotype in C57BL/6 mice. 

Dysregulation of ion channel expression is a prominent feature of MS (Schattling, Eggert, & Friese, 

2014). Although ion channels are often associated with excitable cells, like neurons, they also play a 

fundamental role in non-excitable cells by tightly controlling ionic gradients across the membrane and 

consequently influence regulatory mechanisms in the cell (Nilius & Droogmans, 2001). Changes to 

expression and distribution of a number of ion channels has been described in MS. Unsurprisingly, in MS 

these changes can be found in immune cells, neuronal and glial cells and at the BBB and have been 

linked to potential MS disease mechanisms. One interesting channel, that has been reported in many of 

these cell types is TRPM4. 

In a mouse model of multiple sclerosis, knock-out of TRPM4 was protective against disease 

progression severity (Schattling et al., 2012) (Fig. 4). TRPM4 protein is upregulated in mouse spinal cord 

neurons and axons and in active lesions from MS patients. Channel deletion does not alter the immune 

response under EAE suggesting that TRPM4-mediated action is independent of immune response to 

EAE. Instead, TRPM4 may contribute to disease progression by exacerbating excitotoxicity. In a 

glutamate excitotoxicity assay using hippocampal neurons from TRPM4 knock-out mice were less 

susceptible to cell swelling and death in comparison to the wild-type (Fig. 4B-C). Finally, glibenclamide, a 

non-specific TRPM4 antagonist, replicates the protective effects of TRPM4 knock-out in clinical severity 

and disease progression.  
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Figure 4: TRPM4 in EAE 

A) Disease progression in a mouse model for multiple sclerosis (EAE). TRPM4 knock-out mice partly 

recover from EAE in comparison to wildtypes. B) In a glutamate excitotoxicity assay, wildtype neurons 

increase in cell volume but TRPM4 knockouts retain their size. The presence of lactate dehydrogenase 

(LDH) release is a measure of cell integrity, which is compromised in continued presence of glutamate 

in wild-type but not TRPM4 knock-out mice. 

Adapted from: (Schattling et al., 2012) 

 

A few additional studies have since expanded on these findings. They show that SUR1 in addition to 

TRPM4 expression is upregulated in EAE (Bianchi et al., 2018; Gerzanich et al., 2017; Makar et al., 2015). 

Blocking TRPM4 with 9-phenanthrol, glibenclamide or CBA reduces cell death in a glutamate 

excitotoxicity assay. Similar to TRPM4 knock-out, knock-out of SUR1 or treatment with glibenclamide 

reduces disease severity in EAE. SUR1/TRPM4 channels are upregulated; predominately in reactive 

astrocytes (Gerzanich et al., 2017; Makar et al., 2015). Unlike the study from Schattling et al (2012), 

these studies report peripheral immune cell infiltration of the CNS and an increase in pro-inflammatory 

cytokine production in spinal cord from EAE wild-type animals. The authors hypothesize that the action 

of SUR1/TRPM4 in EAE is predominantly via reactive astrocytes, who regulate pro-inflammatory 

cytokine excretion (TNF alpha, NOS2). The exact role of TRPM4 in MS and EAE remains unclear but it is 

evident that its activation is involved in molecular pathways driving disease progression in MS. 
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1.8   Calcium signaling in neurons 

The previous sections dealt namely with the TRPM4 ion channel and its role in a number of calcium-

dependent cellular processes. Many ion channels, including TRPM4, either directly or indirectly mediate 

calcium influx/efflux. The downstream action of calcium, as a secondary messenger, can lead to changes 

in the metabolic state, gene expression, protein regulation, and post-transcriptional protein 

modification among many other critical functions (Clapham, 2007). What’s more is that these processes 

are autoregulatory as calcium can both activate and consequently stop these processes in a calcium-

concentration dependent manner. For this reason, calcium dynamics can inform us about the activity 

status of a cell.  

Figure 5 illustrates the numerous sources of calcium in a neuron, although it ignores the complex 

anatomy of a neuron. These include voltage-gated calcium channels (VGCCs), ligand-gated receptors, 

and store-operated calcium channels. VGCCs are highly selective for calcium and are split into L-, P/Q-, 

N-, R-, and T-type channels (Simms & Zamponi, 2014). Their distribution depends the cell type and 

compartment but in hippocampal pyramidal neurons, L- and R-type VGCCs are found at the dendritic 

spines although the exact composition varies spine to spine (Bloodgood & Sabatini, 2007). More 

generally, VGCCs are responsible for action potential generation and back-propagation into the dendrite 

(Jaffe et al., 1992; G. Stuart, Spruston, Sakmann, & Hausser, 1997). NMDA receptors are voltage-

dependent ionotropic glutamate receptors and sit predominately at the post-synapse. The calcium influx 

through NMDARs has been linked to numerous processes associated with mechanisms of synaptic 

plasticity and NMDAR-dependent calcium influx has been shown to drive activity-dependent gene 

transcription (M. J. Higley & Sabatini, 2012; Josselyn & Tonegawa, 2020). Metabotropic glutamate 

receptors (mGluRs) are GPCRs whose downstream effectors (PLC and IP3) can drive calcium release from 

the endoplasmic reticulum (ER), otherwise known as store-operated release. The mechanism of ER 

calcium reuptake and release is one of the many calcium buffering that the cell uses to further tightly 
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regulate calcium concentrations (Brini, Calì, Ottolini, & Carafoli, 2014; Grienberger & Konnerth, 2012; 

Ross, 2012)  

 

Figure 5:  Sources of calcium in 

neurons 

Calcium influx via NMDA and 

GluA1-homomeric AMPA 

receptors is gated by glutamate. 

Depolarization opens VGCCs, 

some TRP channels and NMDARs. 

Indirectly, mGluR activation 

drives calcium release from the 

ER via IP3 receptors and 

ryanodine (RyR) receptors. 

Calcium efflux is also crucial and 

mediated by plasma-membrane 

calcium ATPase (PMCA), the 

sarco/endoplasmic reticulum 

calcium ATPase (SERCA) pump, 

and the sodium-calcium 

exchanger (NCX). Calcium binding 

proteins act to buffer calcium 

concentrations at particularly at 

microdomains. All these channels 

and binding proteins work to 

maintain calcium concentration 

gradients within the cell. This 

diagram does not highlight the 

complex anatomy of neurons.  

Adapted from (Grienberger & 

Konnerth, 2012) 

 

In neurons internal calcium concentrations at rest is approximately 50-100 nM but activity can 

transiently increase the internal concentrations up to 10-100 times higher (Berridge, Lipp, & Bootman, 

2000). The complex anatomy of neurons with their numerous bifurcating dendrites and axons creates 

subcellular compartments in which local calcium gradients can be markedly different at any given 

moment and often relay specific information to the cell (Brini et al., 2014). Calcium influx at the 

presynaptic terminal triggers neurotransmitter release and calcium influx at the postsynapse regulates 

synaptic plasticity. These examples are short-term consequences of calcium influx but on an expanded 
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timescale, calcium can trigger complex molecular cascades that can modify neurotransmitter release 

probability, synapse stability and receptor composition, and of course, calcium at the nucleus can alter 

gene expression, particularly activity-related genes like cFos and Arc.  

Monitoring neuronal and synaptic activity is possible with a number of methods. A gold standard is 

electrophysiological recordings of synaptic potentials, which can estimate the contribution of 

presynaptic release or postsynaptic strength and the balance of excitatory and inhibitory transmission of 

a single neuron. But these recordings are spatially limited to, at maximum, a handful of neurons at once, 

and are temporally limited due to the terminal nature of whole-cell recordings. Recordings at the soma 

are a sum of all participating synapses and it is therefore extremely difficult to tease apart the “where” 

of participating synapses. The advent of calcium imaging methods makes it possible to survey calcium 

activity in groups of neurons or even subcellular compartments, like spines, dendrites and axons 

(Humeau & Choquet, 2019). This thesis is concerned with the creation of a two new types of calcium 

sensors called CaMPARI2 and SynTagMA. In order to contextualize their advantages over existing 

methods, I will introduce both the development of calcium sensors and the instrumentation required to 

conduct these experiments. 

1.9 Advances in imaging for neuroscience 

The utility of a particular sensor is limited by the experimental conditions and the available 

technology to measure and quantify the data collected. Two important considerations when live-cell 

imaging is spatial and temporal resolution. One-photon fluorescence imaging includes confocal laser 

scanning microscopy and direct imaging using charge coupled device array detectors (CCD) or 

photodiode arrays (Grienberger & Konnerth, 2012). Direct imaging requires weakly scattering and 

relatively flat preparations, like cell culture, to obtain reasonable signal to noise ratio (SNR) as the entire 

sample is simultaneously illuminated, and emitted photons are recorded by the CCD or array (Fig. 6A-C) 
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(Homma et al., 2009). As the emitted fluorescence is collected from the entire preparation at once, this 

allows for a high temporal resolution but is limited by poor axial resolution and high background due to 

excitation of objects outside of the focal plane and light scatter. Laser scanning microscopy tackles the 

issue of axial resolution by focusing the excitation scanning beam into a so-called cone (Fig. 6D), which 

can then move across the preparation in a raster pattern (Fig. 6G). Although the excitation beam is now 

focused, fluorophores outside the focus are still excited. In confocal microscopy, a pinhole placed in 

front of the detector, set to reflect the diffraction limit of the objective, rejects all fluorescence coming 

from outside the focal spot (Fig. 6E) (Lichtman & Conchello, 2005). Although this rejection affords 

effectively high spatial/axial resolution, excitation outside the focal plane is still occurring, albeit 

“invisible” to the user resulting in photobleaching and “photon waste”. 
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Figure 6: One-photon and two-photon imaging 

A) Scheme of direct imaging using either photodiode (B) or CCD-based cameras (C). Note the grid over 

the sample indicating the corresponding chip detectors. Light source can be mercury lamps or LEDs D) 

Scheme of focused x-y laser scanning. E) Confocal imaging with a focused continuous laser. Emitted 

fluorescence inside the focal point collected and all fluorescence outside is rejected by the pinhole 

before reaching the photomultiplier tubes (PMTs). F) 2PLSM uses a near-infrared pulsed laser and 

collects all emitted photons. Laser scanning microscopy can steering the laser beam in a rastering 

pattern (G) or using either linear line scanning (essentially 1 line raster) or user-directed arbitrary line 

scanning.   

Adapted from: (Grienberger & Konnerth, 2012; Ji, Freeman, & Smith, 2016) 
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Approximately thirty years ago, two-photon laser scanning microscopy (2PLSM) was introduced (Fig. 

7F) (Denk, Strickler, & Webb, 1990). 2PLSM uses infrared wavelengths to excite a fluorescence molecule. 

Photons at longer wavelengths have a lower energy and consequently a fluorophore requires 

concurrent absorption of two photons to reach its excited state. The likelihood of such an event 

occurring is dramatically lower than with one-photon excitation. Due to the nonlinearity of two-photon 

excitation, the absorption rate depends on the laser intensity. Laser intensity is highest at the focus and 

drops off dramatically outside the focus. These principles achieve a very small diffraction limited 

excitation volume (0.1 to 1 µm3) depending on the numerical aperture of the objective) (Svoboda & 

Yasuda, 2006). Light scattering in tissue is a barrier to both the excitation source (i.e. laser) and the 

emitted photons from the sample. The long wavelengths (near infrared) used in 2PLSM penetrate tissue 

better than the shorter wavelengths used in 1P and the small excitation volume achieved means that all 

photons collected constitute useful signals. One limitation to laser scanning microscopy is that raster 

scanning is relatively slow and some of the scanning time is spent collecting irrelevant or empty signal. 

There have been further developments to work around these issues. For example, arbitrary line 

scanning, as used in this thesis, (Fig. 6H) and the use of spatial light modulators allows the user to image 

in a specified area; increasing imaging speed and collecting only relevant signal (Ji et al., 2016). There 

have been further advances including projection or volume, tomographic, and random-access imaging 

(Kazemipour et al., 2019; Wu et al., 2020). All of these factors highlight the advantage of using 2PLSM 

for live cell imaging particularly in highly scattering brain tissue.  

1.10 Synthetic calcium dyes 

Although the first calcium sensor was a bioluminescent photoprotein called aequorin (Fig. 7A) 

(Shimomura, Johnson, & Saiga, 1962), the hybridization of calcium chelators, like EGTA or BAPTA, to 
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fluorescent chromophores to make calcium sensitive dyes revolutionized the field (Grynkiewicz, Poenie, 

& Tsien, 1985; Tsien, 1980). The calcium binding of the chelator results in a conformational change that 

alters the fluorophore’s emission state (Fig. 7B). Since the first hybridization, numerous dyes have been 

developed featuring varying binding affinities and kinetics, single or dual fluorophore design, and 

various excitation/emission spectra; some commonly used dyes include: fura-2, Oregon-green BAPTA, 

Fluo-4/5 and rhodamine-2. These dyes must be introduced to the cell by some means. One method is to 

introduce a dye, which has been coupled to membrane-permeable acetoxymethyl (AM) esters, into cell 

culture media or for in vivo applications by micro-pressure loading. Once the dye crosses the membrane, 

the AM esters are cleaved, and the dye is “trapped” within the cell (Grienberger & Konnerth, 2012). 

However, this method does not allow targeting of a single cell. To achieve cell targeting, cells can be 

impaled with microelectrodes and microinjected with a dye (without AM esters), introduced through the 

pipette using whole-cell patch clamp or the dye can be introduced by electroporation. One advantage of 

using dyes is the possibility to directly quantify the calcium concentration in the cell (Helmchen, 2004; 

Michael J. Higley & Sabatini, 2008; Yasuda et al., 2004). However, using calcium dye has limitations. For 

example, specifically targeting a genetically defined population of cells is impossible and chronic imaging 

of a particular cell is not feasible due to eventual dye extrusion or toxicity (Hires, Tian, & Looger, 2008). 

1.11  Genetically encoded calcium indicators 

Targeting a cell population of interest involves using cell-type specific promotor or regulatory 

sequence to drive the expression of a transgene encoding an effector protein, such as a genetically-

encoded calcium indicator (GECI) (Luo, Callaway, & Svoboda, 2018). Similar to synthetic dyes, GECIs are 

made up of two components: 1) calcium binding domains (typically calmodulin or troponin-C) fused to 

2) either a single fluorescent protein (FP) or a FRET-compatible pair of FPs. Chameleon was the first GECI 

and is a FRET sensor (cyan-FP and yellow-FP, Fig. 7C) (Miyawaki et al., 1997). FRET sensors are 

ratiometric as the emission spectra changes based on proximity between the FP pair, which is 
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modulated by calcium binding. Advantages of using FRET-based sensors includes higher baseline 

fluorescence and motion artifacts are less problematic. Since the publication of Chameleon, a number of 

additional FRET-indicators have been developed and improved upon including the yellow-chameleon 

family and the twitch family (Pérez Koldenkova & Nagai, 2013). Using dual color indicators, however, 

makes it challenging to combine with additional fluorescent labels or optogenetic actuators with similar 

activation spectra to the sensor. 

The other category of GECIs use a single FP in which the calcium sensing domains, most often 

calmodulin/M13, are fused to the N- and C- termini of the FP of interest (Fig. 7D). Whereas for FRET-

based sensors the change in fluorescence upon calcium binding is calculated as the FRET ratio, single FP 

GECIs get brighter upon calcium binding and the change in fluorescence is calculated based on the 

baseline fluorescence (F-F0/F0) (Yasuda et al., 2004). The most well-known family of GECIs in this 

category are the GCaMPs. Using targeted mutagenesis methods the family has gone through numerous 

iterations: GCaMP, GCaMP1.6, GCaMP2, GCaMP3, GCaMP5, GCaMP6, of which the newest is the 

jGCaMP7 series (J. Akerboom et al., 2012; T.-W. Chen et al., 2013; Dana et al., 2019; Nakai, Ohkura, & 

Imoto, 2001; Tian et al., 2009). There are GCaMP variants with slow or fast kinetics, different signal-to-

noise ratios and dynamic range, and brightness at rest (i.e. in low calcium). One particular advance is the 

jGCaMP7b variant, which exhibits high baseline fluorescence (allowing the user to work without an 

addition morphology marker) and retains a high dynamic range. These features make it an attractive 

variant imaging smaller compartments like spines (Dana et al., 2019). 

Due to the rapid development of imaging modalities and the introduction of optogenetic 

techniques, there is an increasing demand for sensors in a range of colors (Zhao et al., 2011). Red-

shifted indicators have received the most attention and development, in part due to the increased 

penetration and reduced scatter of long wavelengths in tissue, i.e. for in vivo imaging. Most commonly, 
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are R-GECO and RCaMP (Jasper Akerboom et al., 2013; Zhao et al., 2011). In the last five years, there has 

been an increase in promising single-fluorophore GECIs in other colors. The X-CaMP series includes blue, 

green, yellow and red variants that can be used to simultaneously monitor calcium from different cell 

populations (Inoue et al., 2019). The near-infrared sensor NIR-GECO1 is excitable at 600-700 nm and 

emits at 700-800 nm, yet another boon for deep tissue imaging (Qian et al., 2019). YFP-based GECIs are 

also seeing more popularity as they can be used in combination with RFP-based sensors with better 

spectral separation than GFP-based sensors and they can be used with less expensive, fixed long 

wavelength lasers (1030-1040nm) as well (Mohr et al., 2020). Of course, there are also further efforts to 

improve upon the gold-standard sensor family, i.e. GCaMP by replacing the GFP with better 

fluorophores like mNeonGreen (Zarowny et al., 2020).  

 
Figure 7: Available calcium sensors 

A) An example chemical calcium dye, Fura-2. Note the calcium sensing/chelating and the fluorophore 

domains. It is excited by UV light and its emission changes upon Ca2+ binding B) The chemiluminescent 

protein aequorin, whose luminescence naturally changes upon Ca2+ binding. C) Dual-fluorescent 

protein (FRET) sensors. As denoted by the drawn color cloud, the emission ratio changes upon Ca2+ 
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binding. D) Single-fluorescent protein sensors. When Ca2+ binds fluorescence increases. These sensors 

are available in a number of colors. 

Adapted from: (Grienberger & Konnerth, 2012; Pérez Koldenkova & Nagai, 2013) 

 

By using GECIs, we can select cell-type specific promotors to target, for example, dopamine 

receptor-1 expressing neurons or interneuron subtypes that express parvalbumin (PV). Methods for 

targeting GECIs include viral transduction, single cell or in utero electroporation or the use of transgenic 

mouse lines and with the expanded color palette of sensors, it is now possible to perform multiplex 

imaging of more than one population of cells simultaneously. Genetic targeting of sensors can also 

include localization of a sensor to subcellular compartments. GECIs have been targeted to the pre- and 

post-synapse (Dreosti, Odermatt, Dorostkar, & Lagnado, 2009; Leitz & Kavalali, 2014) and to 

mitochondrial or ER lumen (Henderson et al., 2015; Suzuki et al., 2014). It is important to note that 

calcium is used as a correlate for activity but should not be conflated as a sensor for changes in 

membrane potential (M. Z. Lin & Schnitzer, 2016). Both synthetic dyes and genetically encoded voltage 

sensors (GEVIs) have been developed alongside GECIs however this thesis will not review these sensors. 

1.12   CaMPARI: a calcium-modulated photoactivatable ratiometric integrator 

Calcium imaging using GECIs has led to the discovery of ensembles of cells whose in vivo activity is 

involved in the coordination of behaviors or play a significant role in memory formation and storage. 

Imaging of subcellular compartments like the dendrite and its spines have revealed that groups of 

synapses can respond to a particular stimulus, like the grating direction across the visual field (Jia, 

Rochefort, Chen, & Konnerth, 2010). Despite these advances, we are limited by the nature of the 

sensors and the instrumentation. Single synapse or dendritic calcium imaging requires a limited field of 

view, multiple trials per stimulation and fast imaging to capture the fast kinetics and achieve synaptic 

resolution. Similarly, in vivo imaging is typically limited to a single focal plane and limited field of view 
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and due to inherent animal movements the necessity of frame averaging further limits the temporal 

resolution.  

 

An alternative approach to studying neuronal ensembles uses immediate early genes to label active 

ensembles but these methods suffer from poor temporal resolution, on the scale of hours. The calcium-

modulated photoactivatable ratiometric integrator, CaMPARI, is a new approach for studying active 

neuronal ensembles (Fosque et al., 2015). CaMPARI is a sensor that permanently photoconverts from 

green to red only in the presences of both elevated calcium and violet light illumination (Fig 8A). By 

pairing violet light with epochs of activity or a behavior, active cells become increasingly red while the 

less active remain green (Fig. 8B). Both the green and red species of CaMPARI retain their normal 

calcium indicator features although their fluorescence decreases upon calcium binding as opposed to 

the more common increase in fluorescence. By capturing the cells that were active at a certain point in 

time with CaMPARI, one can read out a high-resolution image of the final activity snapshot. Because 

only violet light and activity are requisites for photoconversion of CaMPARI (i.e. labeling active cells), the 

imaging and the labeling of behavior can be decoupled. Using CaMPARI allows for the acquisition of 

larger high-resolution image stacks, and therefore access to a richer picture of neural activity. 

This thesis concerns itself with improvements to the original CaMPARI to make CaMPARI2 and the 

targeting of CaMPARI2 to the pre and post synapse, to make SynTagMA. 
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Figure 8: Taking an activity snapshot with CaMPARI 

A)  Design of CaMPARI. Circularly permutated mEos fused to Calmodulin and M13 calcium sensing 

domains. Only in the condition of both high calcium and violet light (395-405 nm) is CaMPARI 

irreversibly photoconverted from green to red. B) Example use of CaMPARI in vivo. Neurons 

responsive to the grating direction shown will photoconvert when the grating presentation is 

combined with violet light. 

Adapted from: (Fosque et al., 2015) 

 

Aims of the thesis 

Project 1: The role of TRPM4 in hippocampal synaptic transmission 

Because the TRPM4 channel is activated by internal Ca2+ and nonselectively conducts monovalent 

cations, I hypothesized that it would be activated downstream of NMDA receptors and boost 

depolarization in a feedback loop (Figure 9B). In pathophysiological  states that cause excitotoxicity, like 

that in multiple sclerosis, TRPM4 could become deleteriously active in a feedback loop leading to 
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chronic calcium influx and potentially activating downstream signaling pathways that can trigger cell 

death (J. M. Simard, Woo, & Gerzanich, 2012). In this project I aimed to answer these questions: 

1) What is the expression pattern of TRPM4 in the hippocampus? In situ hybridization indicate that 

TRPM4 mRNA is present in the hippocampus (Figure 9A) and existing studies show staining for 

protein in the brain however few of these studies tested antibodies using a knock-out model. 

2) Does TRPM4 contribute to excitatory postsynaptic calcium influx or excitatory postsynaptic 

potentials at the CA3->CA1 Schaffer collateral synapse? 

3) In a murine model of multiple sclerosis, is the contribution of TRPM4 to excitatory postsynaptic 

potentials altered? 

 

 
Figure 9: TRPM4 in the hippocampus 

A) Evidence of TRPM4 mRNA transcripts in the hippocampus, including the CA1 cell body region 
and the stratum oriens. B) My hypothesis of the channels involved in TRPM4 activation. 

Glutamate binding activates both AMPAR and NMDARs leading to depolarization and calcium 

influx. The calcium should then activate TRPM4 opening which leads to further depolarization. 

Activation of VGCCs should drive further calcium influx and potentially maintain TRPM4 

activation. The SK channels are also calcium activated and drive hyperpolarization, likely 

mediating the end of the depolarization feedback loop that TRPM4 may participate in. 
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Project 2: Labeling active neurons and synapses with CaMPARI2 and SynTagMA 

CaMPARI is a new method for labelling active neurons. However, it suffers some drawbacks 

including photoconversion in low/zero Ca2+ conditions. In a collaborative project, we improved upon 

CaMPARI and created CaMPARI2. Our lab is interested in how synaptic activity can lead to changes in 

synaptic connectivity. Because calcium imaging at single synapses has limited spatial and temporal 

resolution, we chose to target CaMPARI to the pre and post-synapse. In doing so, we would be able to 

capture all the synapses active at a certain point in time (Figure 10). I specifically worked on these aims: 

1) Characterize the calcium-dependent dimming of CaMPARI2 and SynTagMA and the relationship 

between photoconversion and violet light timing, duration and intensity. 

2) Characterize SynTagMA and how it can be used to: 

a. Distinguish active from inactive synapses by using increasing back-propagating action 

potentials paired with violet light. 

b. Map and remap synaptically active synapses. Specifically, I was interested in turnover 

rate of the red species of SynTagMA and how soon relabeling of previously labeled 

synapses could occur. 

c. Improving the analysis pipeline in collaboration with other authors. A tool that labels a 

few active synapses among thousands requires sophisticated analysis solutions to detect 

and quantify the signals. 

3) Facilitate a collaborative atmosphere that rapidly expanded our understanding of SynTagMA. I 

want to remark that the advancement of this project was also due to tight collaborative efforts 

with my co-first author, Dr. Alberto Perez-Alvarez, and the other labs whose access to certain 

methods, like in vivo imaging, made it possible to publish our paper at a high impact level. I 

worked hard to facilitate exchange of knowledge and help to drive the project forward. This is 

difficult to point at on paper despite its importance to the final outcome. 
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Figure 10: SynTgMA 

Our new tool SynTagMA makes 

it possible to take freeze all 

synapses that were active 

within a 2 second period of the 

violet light illumination. This 

scheme visualizes this action 

for preSynTagMA (upper) and 

postSynTagMA (lower). For 
demonstration purposes, only 

a portion of the axon or 

dendritic arbor is shown but 

principally, all synapses can be 

labeled so long as violet light is 

there. 

 

To achieve my aims for both projects, I used single cell electroporation or ballistic transfection to 

express GCaMP, SynTagMA or CaMPARI2 in hippocampal slice cultures. I combined 2PLSM and 

electrophysiology to study TRPM4 at single spines and to characterize SynTagMA or CaMPARI2. As 

the SynTagMA project developed, I used from simple hand drawn regions of interest on upwards of 

50 synapses to the use of our in-house written software allowing automated analysis of thousands 

of synapses. The combination of TRPM4 antaognists in combination with a TRPM4 knock-out line 

made it possible to confirm that any observed effect by the antagonists is TRPM4 specific and not 

due to off-target effects of the drug 
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Specific contributions 

I am first author on this paper, and I wrote the paper with editing from the other authors. I 

conducted and analyzed all of the experiments presented. Access to the animal lines and the induction 

of EAE was done in partnership with the collaborating authors, Dr. Lars Binkle and Dr. Daniel Mensching, 

in Prof. Dr. Friese’s laboratory. 

Abstract 

The transient receptor potential melastatin 4 (TRPM4) channel has been shown to contribute to disease 

severity in the murine experimental autoimmune encephalomyelitis (EAE) model of multiple sclerosis 

and to neuronal cell death in models of excitotoxicity and traumatic brain injury. As TRPM4 is activated 

by intracellular calcium and conducts monovalent cations, we hypothesized that TRPM4 may also 

contribute to and boost excitatory synaptic transmission in the hippocampus. Using single-spine calcium 

imaging and electrophysiology we found no effect of the TRPM4 antagonists 9-phenanthrol and 

glibenclamide on synaptic transmission in hippocampal slices from healthy mice. In contrast, 
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glibenclamide but not 9-phenanthrol reduced excitatory synaptic potentials in slices from EAE mice, an 

effect that was absent in slices from EAE mice lacking TRPM4. We conclude that TRPM4 plays a limited 

role in basal hippocampal synaptic transmission, but a glibenclamide-sensitive TRPM4-mediated effect is 

upregulated by EAE. 

Introduction 

Transient receptor potential melastatin 4 (TRPM4) channels are non-selective monovalent cation 

channels activated by intracellular calcium (Launay et al. 2002; Nilius et al. 2005). TRPM4 activation is 

modulated by ATP, calmodulin, protein kinase-c (PKC), PIP2 , and H2O2  (Nilius et al. 2004; Zhang et al. 

2005; Nilius et al. 2005; Simon et al. 2010). It has been suggested that the TRPM4 channel may be 

responsible for the Ca2+-activated nonselective cation current (ICAN) described in a number of cell types 

(Guinamard, Sallé, and Simard 2011). TRPM4 channels are ubiquitously expressed in both excitable and 

non-excitable cells and their action contributes to heart sinus rhythm (C. Simard et al. 2013), boosts 

smooth muscle cell depolarization (Gonzales et al. 2010), and is involved  in calcium regulation in T cells 

and dendritic cells (Launay et al. 2004). In the brain, TRPM4 antagonists reduce bursting in neurons of 

the substantia nigra, layer V of the medial entorhinal cortex and the thalamic reticular nucleus (E. C. Lin, 

Combe, and Gasparini 2017; Mrejeru, Wei, and Ramirez 2011; O’Malley et al. 2020). Similarly, in the pre-

Bötzinger complex TRPM4 contributes to bursting and inspiratory drive but not breathing rhythm 

generation (Picardo et al. 2019; Koizumi et al. 2018; Mironov and Skorova 2011). In the hippocampus, 

knock-out of TRPM4 impairs long-term potentiation (LTP) of synaptic transmission specifically when 

induced by theta-burst stimulation (Menigoz et al. 2015) and in cerebellar Purkinje cells, both TRPM4 

and TRPM5 contribute to the generation of a depolarization-induced slow current (Kim et al. 2013). As 

TRPM4 is activated by intracellular calcium, we hypothesized that it may be activated downstream of 

NMDA and metabotropic glutamate receptors to boost synaptic depolarization. Such a positive-

feedback process would need to be limited as run-away depolarization would eventually lead to toxicity. 
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Indeed, TRPM4 is upregulated in spinal neurons, glial cells, and neuro-vasculature in response to 

injury (J. M. Simard et al. 2013; Kurland et al. 2016; Mehta et al. 2015). Likewise, pharmacological 

blockade or knockout of TRPM4 improves clinical outcomes in animal models of spinal cord injury and 

brain hemorrhage (Gerzanich et al. 2009; Chen et al. 2019; Tosun et al. 2013) and protects neurons 

against glutamate-induced excitotoxicity (Schattling et al. 2012; Bianchi, Smith, and Abriel 2018). It 

therefore seems maladaptive that, in both human multiple sclerosis patients and mice with 

experimental autoimmune encephalomyelitis (EAE), TRPM4 protein expression is upregulated when 

knock-out of TRPM4 improves outcome after EAE (Schattling et al. 2012; Bianchi, Smith, and Abriel 

2018).  

 Interestingly, TRPM4 can co-assemble with the sulfonylurea receptor 1 (SUR1) (Kwon et al. 2013). 

SUR1 is a member of the ATP-binding cassette transporter family and co-assembles with the Kir6.2 

inwardly-rectifying ATP-sensitive K+ channel (Aittoniemi et al. 2009). It is not yet clear whether 

SUR1/Kir6.2 and SUR1/TRPM4 channels ae expressed concurrently or if SUR1/TRPM4 channels only 

form in pathological states. In spinal cord injury, SUR1 but not Kir6.2 is upregulated (J. M. Simard et al. 

2007). SUR1 and TRPM4 upregulation have been reported in brain injury and in murine EAE (Schattling 

et al. 2012; Makar et al. 2015; Gerzanich et al. 2009; J. M. Simard et al. 2006). The anti-diabetic drug, 

glibenclamide, antagonizes SUR1/Kir6.2, SUR1/TRPM4 and TRPM4 channels (Woo et al. 2013) and 

treatment with glibenclamide has similar neuroprotective effects as TRPM4 or SUR1 knock-out in EAE 

and brain injury models (Schattling et al. 2012; Makar et al. 2015; Gerzanich et al. 2017; Jha et al. 2020).  

In the hippocampus, little is known about the contribution of TRPM4 to basal synaptic transmission 

at the CA3-CA1 schaffer collateral synapse. In this study, we tested the hypothesis that NMDAR-

dependent calcium influx would activate TRPM4 and drive further depolarization. We tested this 

hypothesis by measuring CA3-CA1 excitatory postsynaptic calcium transients (EPSCaTs) in wild-type 
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mouse organotypic hippocampal slice cultures and excitatory postsynaptic potentials (EPSPs) in mouse 

acute hippocampal slices from wild-type and Trpm4–/– healthy and EAE mice. We found no evidence for 

the involvement of TRPM4 in basal synaptic transmission but in EAE, TRPM4 boosts EPSPs. 

Results 

TRPM4 antagonism does not reduce calcium influx at individual CA1 pyramidal neuron spines or their 

parent dendrites. 

To study the role of TRPM4 and calcium influx at both the spine and dendritic level, mouse 

organotypic hippocampal slice cultures were transduced via ballistic transfection with tdimer2 as a 

morphology marker and GCaMP6f to monitor intracellular calcium at single spines and dendrites of CA1 

pyramidal neurons (Figure 1A). Excitatory postsynaptic calcium transients (EPSCaTs) in response to 

electrical stimulation of the Schaffer collaterals were monitored using a two-photon microscope (Figure 

1B). With the expectation that TRPM4 activation requires and contributes to large calcium transients, 

we aimed to induce not only isolated transients at single spines but responses at the dendrite as well 

(Figure 1B-D). Washing in the TRPM4 antagonist, 9-phenanthrol, did not significantly reduce spine 

EPSCaT peak amplitude (Figure 1E; F(2, 26) = 0.6477, p =0.53, RM-ANOVA) or area under the curve (AUC) 

(Figure 1E; F(2, 26) = 0.5971, p =0.56, RM-ANOVA). Nor was there any reduction in dendritic EPSCaT peak 

amplitude (Figure 1F; F(2, 8) = 0.8978, p=0.44, RM-ANOVA) or AUC (Figure 1F; F(2, 8) = 1.364, p =0.3, RM-

ANOVA). Thus TRPM4 does not contribute to synaptically evoked calcium transients at Schaffer 

collateral synapses. 

We then attempted to verify that TRPM4 protein was present in hippocampal neurons using 

immunohistochemistry. All of the four antibodies tested produced indistinguishable staining patterns in 

slices of Trpm4+/+ and Trpm4–/– mice  (Supplementary Figure 1) and are therefore not specific for TRPM4 

or unsuitable for immunohistochemistry in this vicinity. 
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Figure 1: 9-phenanthrol does not reduce evoked excitatory postsynaptic calcium transients (EPSCaTs) 

at the spine or dendrite. (A) A monopolar stimulating electrode was placed in stratum radiatum to 

stimulate the Schaffer collaterals and evoke EPSCaTs in spines and dendrites of CA1 neurons expressing 

GCaMP6f and tdimer2. EPSCaTs were recorded by a two-photon microscope. (B) Example trial in frame 

scan mode of an EPSCaT from responding spines and the corresponding arbitrary scan line over the 

same responding spines (C) Example EPSCaT in response to Schaffer collateral stimulation from the line 

in B. (D) the corresponding plots of % ΔF/F0. (E) Peak amplitude  and area under the curve (AUC) from 

spine eEPSCaTs (n = 14 spines) at baseline, 20 min after wash-in of 9-phenanthrol and following 

washout. (F) Peak and AUC from dendritic EPSCaTs (n = 5 dendrites). A one-way repeated measures 
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ANOVA revealed no significant differences between baseline, 9-phenanthrol or washout. Blue circles 

represent mean ± SEM and small grey circles represent individual spines or dendrites. 

TRPM4 antagonists do not reduce CA1 excitatory synaptic potentials (EPSPs) in healthy wild-type or 

Trpm4-deficient mice 

We next examined the contribution of TRPM4 to evoked excitatory postsynaptic potentials (EPSPs) 

in acute hippocampal slices prepared from adult wild-type and Trpm4–/– mice (always blind to 

genotype). As action potentials, inhibitory potentials, and calcium-activated small conductance 

potassium (SK) channels might mask a TRPM4-mediated component of EPSPs, QX-314 was included in 

the intracellular solution to block voltage-gated Na+ channels and bicuculline in the extracellular solution 

to block GABAA and SK channels, respectively (Khawaled et al. 1999). D-serine was included in the 

extracellular solution to ensure that the glycine site of NMDA receptors was occupied. Large EPSPs (~40 

mV deflections) were recorded from CA1 pyramidal neurons in response to Schaffer collateral 

stimulation in stratum radiatum. There was no effect of 9-phenanthrol on the EPSP amplitude or AUC in 

hippocampal slices from either wild-type (Figure 2 A–E; wilcoxon test, amplitude p > 0.99; AUC p = 0.63 ) 

or Trpm4–/– mice (Figure 2 A–E; wilcoxon test amplitude p = 0.1875; AUC p = 0.44). The TRPM4 

antagonist glibenclamide also had no effect on the EPSP peak amplitude or AUC in either wild-type 

(Figure 3 A–E; wilcoxon test amplitude p = 0.59, AUC p = 0.63) or Trpm4–/– mice (Figure 3 A–E; wilcoxon 

test amplitude p = 0.31; AUC p = 0.09). Again, similar to 9-phenanthrol, there is no fast or slow effect of 

glibenclamide on EPSP peak or AUC (Figure 3 A–E). There were also no differences due to genotype in 

the cell parameters or baseline EPSP amplitude or AUC (Table 1). These results show that a TRPM4-

mediated conductance does not significantly contribute to EPSPs under these steady state experimental 

conditions. 
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Figure 2: 9-phenanthrol does not reduce excitatory postsynaptic potentials (EPSPs) in CA1 pyramidal 

neurons. (A) EPSPs from representative CA1 pyramidal neurons in response to stimulation of stratum 

radiatum of acute slices from Trpm4+/+ (upper, blue/black) or Trpm4–/– (lower orange/black) mice. After 

establishing a stable baseline (blue/orange traces), 9-phenanthrol (30 μM) was washed into the bath for 

20 min. (black traces). Time course (B) and area under the curve (C) of the EPSPs from the same neurons 

in A. Trpm4+/+ neuron (blue circles) and Trpm4–/– neuron (orange circles), black bar indicates time of 9-

phenanthrol in the bath.  (D) Summary of EPSP peak amplitudes at baseline (5 minute average) and after 

wash-in of 9-phenanthrol (last 5 minutes) of Trpm4+/+ (blue, n = 5 neurons) and Trpm4–/– (orange, n = 5 

neurons).  Large filled circles are mean ± SEM and smaller circles are individual experiments. (E) As in D 

but area under the curve. 
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Figure 3: Glibenclamide does not reduce evoked excitatory postsynaptic potentials in CA1 pyramidal 

neurons. (A) EPSPs from representative CA1 pyramidal neurons in response to stimulation of stratum 

radiatum of acute slices from Trpm4+/+ (upper, blue/black) or Trpm4–/– (lower orange/black) mice. After 

establishing a stable baseline (blue/orange traces), glibenclamide (20 μM) was washed into the bath for 

20 min (black traces). Time course (B) and area under the curve (C) of the EPSPs in A. Trpm4+/+ neuron 

(blue triangles) and Trpm4–/– neuron (orange triangles), black bar indicates time of glibenclamide in the 

bath. (D) EPSP peak amplitude at baseline (5 minute average) and after wash-in of 9-phenanthrol 

(average last 5 minutes) recorded from Trpm4+/+ (blue, n = 6) and Trpm4–/– (orange, n = 6) neurons.  

Large filled triangles are mean ± SEM and smaller circles are individual experiments. (E) As in D but area 

under the curve. 

Glibenclamide but not 9-phenanthrol reduces EPSP peak amplitude in wild-type EAE mice 

We were surprised that blockade of TRPM4 had no impact on EPSPs in healthy mice. Several studies 

have shown that the channel is upregulated in diseased states; including models of multiple sclerosis 

(Schattling et al. 2012; Bianchi, Smith, and Abriel 2018), ischemia (Chen et al. 2019; Leiva-Salcedo et al. 

2017), and brain injury (Jiang et al. 2017). Therefore, we induced EAE in Trpm4+/+ and Trpm4–/– 
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littermates to test whether TRPM4-dependent currents only significantly contribute to synaptic 

transmission in an inflamed state. Clinical scores and body weight were measured daily (Figure 4A, B). 

When a mouse reached the peak of the acute phase, i.e. a clinical score of at least 3 or a decreasing 

score, acute slices were prepared for electrophysiology recordings, again blinded to genotype (Figure 

4A). There were no differences due to genotype in the clinical scores or body weight at time of sacrifice 

during the acute phase of EAE, as previously reported (Figure 4 A, B; Table 1) (Schattling et al. 2012).   

 

 

Figure 4: The induction and acute phase of EAE was not different in Trpm4–/– and Trpm4+/+ littermates. 

(A) Daily clinical scores and (B) body weight of Trpm4–/– (orange, n = 6 mice) and Trpm4+/+ (blue, n = 6 

mice) littermates recorded daily after induction of experimental autoimmune encephalomyelitis (EAE) 

on day 0 (mean ± SEM). (C) EAE clinical progression of individual mice and score at time of sacrifice for 

electrophysiology (X’s). (D) Cell resistance was calculated from 200 ms current injection in drug-free 
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ACSF. Cell resistance is negatively correlated with the final clinical score in Trpm4+/+ mice (Pearson’s r = -

0.77, p = 0.0035**) but not in Trpm4–/– mice (Pearson’s r = -0.2, p = 0.58).   

We then recorded EPSPs from EAE mice following the same procedure as for the healthy mice. There 

were no differences in nearly all cell parameters, or EPSP amplitude or AUC at baseline. A two-way 

ANOVA for cell resistance showed a significant difference between genotypes (Table 1; F(1, 42) = 6.38, p = 

0.015) and between healthy and EAE mice (Table 1; F(1, 42) = 11.54, p = 0.0015) and a post-hoc Sidak’s test 

for multiple comparisons revealed a significant difference between healthy Trpm4+/+ and EAE Trpm4+/+ 

(Table 1; p = 0.046). Interestingly, in the EAE slices there was a significant negative correlation of cell 

resistance with clinical score in Trpm4+/+ neurons that was absent in Trpm4–/– neurons (Figure 4D; 

Trpm4+/+: R2 = 0.57, p = 0.004; Trpm4–/–: R2 = 0.05, p = 0.58). 

 

 

Cell parameters 

at baseline 

Healthy 

Trpm4+/+ 

Healthy Trpm4–/– 

 

EAE Trpm4+/+ 

(p vs healthy 

Trpm4+/+) 

EAE Trpm4–/– 2-way ANOVA 

Genotype 

EAE 

Number of cells 10 11 12 10 -- 

Peak amplitude 

(mV) 

28.8 ± 7.6 38.6 ± 7.7 41.9 ± 9.1 41.5 ± 7.1 F= 0.20,  

p=0.66 

F= 0.75,  

p=0.39 

Resting 

membrane 

potential (mV) 

-72.0 ± 4.8 -78.3 ± 3.5 -69.6 ± 1.8 -70.5 ± 2.7 F= 1.10,  

p=0.30 

F= 3.07, 

p=0.087 
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Total resistance 

(MΩ) 

221 ± 19 265 ± 12 279 ± 17 

(p=0.046*) 

314 ± 19 F = 6.381, 

p=0.0154* 

F =11.54, 

p=0.0015$ 

Area under the 

curve (mV*ms) 

1945 ± 638 3110 ± 709 2966 ± 836 2700 ± 486 F = 0.368, 

p=0.547 

F = 0.153,      

p= 0.698 

Half-width (ms) 47.2 ± 4.3 60.8 ± 3.8 53.0 ± 7.3 55.0 ± 5.1 F = 2.996,         

p = 0.0908 

F = 0.0596,      

p = 0.808 

Rise slope 

(mV/ms) 

3.6 ± 0.71 2.85 ± 0.21 4.53 ± 1.56 3.46 ± 0.96 F = 0.8503,      

p = 3617 

F = 0.649,         

p = 0.452 

Rise time (ms) 4.8 ± 0.62 7.57 ± 1.37 7.52 ± 1.23 8.47 ± 1.30 F = 2.370,         

p = 0.131 

F = 2.240,         

p = 0.142 

Clinical score N/A N/A 3.08 ± 0.11 

n = 6 mice 

3.00 ± 0.26 

n = 6 mice 

t(10) = 0.2988,   

p = 0.77 

Body weight N/A N/A 19.88 ± 1.08 

n = 6 mice 

20.43 ± 1.24 

n = 6 mice 

t(10)= 0.3346,  

p = 0.74 

 

Table 1: Only cell resistance significantly varies between genotype or health status at baseline  All 

measurements are taken from the baseline prior to drug wash-in. Data are mean ± SEM. The degrees of 

freedom are (1, 42) for all parameters except clinical score and body weight. Upper pair of F and p 
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values are for genotype (Trpm4+/+ vs Trpm4–/–) comparisons and the lower pair are for treatment (EAE 

vs. healthy) comparisons. For clinical score and body weight, unpaired t-tests were used. N-size is 

indicated within each cell. 

As in healthy animals, 9-phenanthrol had no apparent effect on EPSP amplitude or AUC in slices 

made from EAE Trpm4+/+ mice (Figure 5 A–E, amplitude p = 0.63; AUC p = 0.25). The n-size for the 

Trpm4-deficient littermates is too small for statistics but given there was no drug effect in Trpm4+/+ 

neurons, we had no need to eliminate off-target effects and elected not to treat additional animals. In 

contrast, the less-specific TRPM4 antagonist glibenclamide significantly reduced the EPSP amplitude 

(Figure 6 A, B, D; Wilcoxon test p = 0.02) but not the AUC (Figure 6 A, C, E; p = 0.38) in Trpm4+/+ neurons. 

The reduction of EPSP amplitude by glibenclamide was absent in Trpm4–/– mice (Figure 6 D; p = 0.16), 

indicating the effect was TRPM4-specific. The AUC remained unchanged in CA1 neurons from both 

Trpm4+/+ and Trpm4–/– mice (Figure 6 F; Trpm4+/+ p=0.38; Trpm4–/– p=0.56).  
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Figure 5: 9-phenanthrol does not reduce evoked excitatory postsynaptic potentials in CA1 pyramidal 

neurons in EAE mice. (A) EPSPs from representative CA1 pyramidal neurons in response to stimulation 

of stratum radiatum of acute slices from Trpm4+/+ (upper, blue/black) or Trpm4–/– (lower orange/black) 

EAE mice. After establishing a stable baseline (blue/orange traces), 9-phenanthrol (30 μM) was washed 

into the bath for 20 min (black traces). Time course (B) and area under the curve (C) of the EPSPs in A. 

Trpm4+/+ neuron (blue triangles) and Trpm4–/– neuron (orange triangles), black bar indicates time of 

glibenclamide in the bath. (D) EPSP peak amplitude at baseline (5 minute average) and after wash-in of 

9-phenanthrol (average last 5 minutes) recorded from Trpm4+/+ (blue, n = 4) and Trpm4–/– (orange, n = 2) 

neurons.  Large filled circles are mean ± SEM and smaller circles are individual experiments. (E) As in D 

but area under the curve. 

 

 

Figure 6: Glibenclamide reduces EPSPs peak amplitude in CA1 pyramidal neurons in EAE mice. (A) 

EPSPs from representative CA1 pyramidal neurons in response to stimulation of stratum radiatum of 

acute slices from Trpm4+/+ (upper, blue/black) or Trpm4–/– (lower orange/black) EAE mice. After 

establishing a stable baseline (blue/orange traces), glibenclamide (20 μM) was washed into the bath for 

20 min (black traces). Time course (B) and area under the curve (C) of the EPSPs in A. Trpm4+/+ neuron 
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(blue triangles) and Trpm4–/–- neuron (orange triangles), black bar indicates time of glibenclamide in the 

bath. (D) EPSP peak amplitude at baseline (5 minute average) and after wash-in of glibenclamide 

(average last 5 minutes) recorded from Trpm4+/+ (blue, n = 8) and Trpm4–/– (orange, n = 7) neurons.  

Large triangles are mean ± SEM and smaller triangles are individual experiments. *p = 0.02 Wilcoxon 

test. (E) As in D but area under the curve. 

Discussion 

In this study, we have shown that TRPM4 is not involved in basal synaptic transmission at the CA3-

CA1 Schaffer collateral synapse in organotypic hippocampal slice cultures or acute hippocampal slices 

made from healthy mice. In contrast, we obtained evidence that TRPM4 increases synaptic transmission 

in slices made from mice at the acute phase of EAE.  

We undertook this study expecting to find that TRPM4 boosted synaptic calcium responses and 

EPSPs in the hippocampus particularly when synaptic stimulation was strong enough to cause dendritic 

calcium waves typical of NMDA spikes (Nevian and Sakmann 2004). We blocked postsynaptic action 

potentials, inhibitory GABA-A receptors and SK channels, which are also activated by calcium and 

hyperpolarize rather than depolarize spines and dendrites, and still did not see evidence of TRPM4 

activation. 9-phenanthrol did not change the observed calcium influx at single spines and their parent 

dendrites. There are a few possible explanations for the lack of effect. Possibly, TRPM4-mediated 

depolarization at spines does not significantly contribute to the voltage changes driving calcium influx at 

the synapse. Using a voltage indicator rather than a calcium indicator may have shown such a change 

but the use of voltage indicators at single synapses to measure subthreshold voltage changes remains 

extremely challenging (M. Z. Lin and Schnitzer 2016). It is also possible that the synaptically-induced 

depolarization and calcium influx did not activate TRPM4. There is some evidence suggesting that ER-

calcium release is required for TRPM4 activation (Mironov and Skorova 2011; Mathar et al. 2014). 

Previously we have demonstrated that ER-calcium release occurs at CA3-CA1 synapses but only at spines 
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with a spine apparatus (Holbro, Grunditz, and Oertner 2009). It is possible that we never examined such 

a spine in this study but we think this is unlikely. As we observed no effect on EPSPs, it is unlikely that we 

failed to image the correct spines and rather suggests that TRPM4 does not play an important role in 

transmission at these synapses. It is possible that TRPM4 is not present at CA3-CA1 synapses or is not 

expressed in CA1 pyramidal neurons in the healthy hippocampus. The Allen Brain Atlas indicates mRNA 

expression in the cell body layer of CA1, which we accepted as evidence that TRPM4 protein was 

present. However, we failed in our attempts to confirm expression at the protein level. The identical 

staining patterns of all antibodies in the hippocampus of Trpm4+/+ and Trpm4–/– mice indicate either that 

the antibodies recognize a protein that is not TRPM4 or that there is undetectable TRPM4 in the 

hippocampus of Trpm4+/+ mice and we saw only background fluorescence. The antibody used in 

Schattling et al. (2012) was unfortunately no longer available. Thus we cannot rule out the possibility 

that the lack of TRPM4 contribution to synaptic transmission is due to the absence of TRPM4 at CA3-CA1 

synapses in the healthy hippocampus. 

As we did not observe a TRPM4-specific effect in healthy animals, we turned to synaptic 

transmission in EAE. TRPM4 expression is known to be upregulated during EAE in the spinal cord and 

cortex (Schattling et al., 2012). Moreover, cultured hippocampal neurons from Trpm4–/– mice and wild 

type neurons in the presence of TRPM4 antagonists are protected from cell death in glutamate 

excitotoxicity assays (Schattling et al. 2012; Bianchi, Smith, and Abriel 2018). Indeed, TRPM4 contributes 

to EPSPs in slices from EAE mice. Surprisingly, the antagonist glibenclamide, but not the more specific 9-

phenanthrol, decreases EPSP amplitude in EAE TRPM4+/+ mice. Importantly, this effect was not observed 

in Trpm4–/– mice indicating a TRPM4 specific effect. Glibenclamide is considered less specific to TRPM4 

than 9-phenanthrol (Grand et al. 2008) and glibenclamide is widely known for its ability to antagonize 

SUR1-Kir6.2 (i.e. KATP) channels (Ashcroft 2005). It has been shown that SUR1-TRPM4 channels also co-

assemble and that glibenclamide has a 100-fold higher efficacy for SUR1-TRPM4 channels than for 



 64 

TRPM4 homomeric channels (Woo et al. 2013). Therefore, glibenclamide may be antagonizing SUR1-

TRPM4 channels in the slices from EAE mice. Indeed, SUR1 but not Kir6.2 is upregulated following 

middle cerebral artery stroke in rats (J. M. Simard et al. 2006) and we have shown that TRPM4 is 

upregulated in brain and spinal cord of EAE mice and multiple sclerosis patients (Schattling et al. 2012). 

Thus, one explanation consistent with our observation of glibenclamide rather than 9-phenanthrol 

decreasing EPSPs in EAE wild-type mice is due to an increased expression of SUR1-TRPM4 heteromeric 

channels at synapses in EAE.  

In conclusion, TRPM4 does not significantly contribute to basal synaptic transmission at the Schaffer 

collateral synapse in the hippocampus of healthy animals but TRPM4 does boost EPSPs in EAE. Multiple 

sclerosis models often focus on the spinal cord but there are clear hippocampal-specific cognitive 

impairments, synaptic dysfunction and atrophy in both patients and animals models (Nistico et al. 2014; 

Di Filippo et al. 2018). Further study of the potential SUR1/TRPM4 channel in multiple sclerosis and what 

may trigger upregulation could lead to the discovery of important biomarkers and increase the 

possibility of early clinical interventions, as cognitive impairments often go undetected. 
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Supplementary Figure 1: Existing antibodies show no clear signal against TRPM4 

Three commercial TRPM4 antibodies and one developed by the lab of J.M. Simard  (A: Alomone, B: 

Santa Cruz, C: Abcam, D: Simard) were used in hippocampal sections from Trpm4+/+ and Trpm4–/– mice. 

We found no clear difference in antibody reactivity between genotypes. All images were taken using a 

confocal microscope. 

Materials & methods: 

Animals 

All mice were housed and bred at the University Medical Center Hamburg-Eppendorf (UKE) animal 

facility. All mice were housed with a 12-hour light/dark cycle and had water and food ad libitum.  All 

procedures performed in mice were in compliance with German law and according to the guidelines of 

Directive 2010/63/EU. Protocols were approved by the local ethics committee (Behörde für Gesundheit 

und Verbraucherschutz of the City of Hamburg). 

Mouse organotypic hippocampal slice cultures 
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Hippocampi were prepared from P4-P7 mice as described previously (Gee et al. 2017). Briefly, pups 

were anesthetized with 80% CO2/20% O2 and decapitated. Hippocampi were dissected in cold slice 

culture dissection medium containing (in mM): 248 sucrose, 26 NaHCO3, 10 glucose, 4 KCl, 5 MgCl2, 1 

CaCl2, 2 kynurenic acid and 0.001% phenol red. The solution was saturated with 95% O2, 5% CO2, pH 7.4, 

310-320 mOsm kg-1. Tissue was cut into 400 µM thick sections on a tissue chopper and cultured on 

porous membranes (Millipore PICMORG50) at 37° C in 5% CO2. No antibiotics were added to the slice 

culture medium which was partially exchanged (60-70%) twice per week and contained (for 500 ml): 394 

ml Minimal Essential Medium (Sigma M7278), 100 ml heat inactivated donor horse serum (H1138 

Sigma), 1 mM L-glutamine (Gibco 25030-024), 0.01 mg ml-1 insulin (Sigma I6634), 1.45 ml 5M NaCl 

(S5150 Sigma), 2 mM MgSO4 (Fluka 63126), 1.44 mM CaCl2 (Fluka 21114), 0.00125% ascorbic acid (Fluka 

11140), 13 mM D-glucose (Fluka 49152). 

Gold particles (1.6 μm, 2.75 μg DNA per mg gold) were coated with an 8:3 mixture of expression 

vectors encoding GCaMP6f and tdimer2 (respectively), each driven by the human synapsin-1 promoter. 

At DIV 7-9, slice cultures were ballistically transduced using a Helios gene gun (Bio-Rad). Experiments 

were conducted between DIV14-21. 

Experimental autoimmune encephalomyelitis (EAE) induction  

Mice used for EAE induction were 3-5 months old. As previously described (Schattling et al. 2012), 

we immunized mice subcutaneously with 200 μg MOG35–55 (NeoMPS) in complete Freund's adjuvant 

(Difco) containing 4 mg ml−1 Mycobacterium tuberculosis (H37Ra, Difco). We injected 200 ng pertussis 

toxin (Calbiochem) intravenously on the day of immunization and 48 h later. We scored the mice daily 

for clinical signs by the following system: 0, no clinical deficits; 1, tail weakness; 2, hind limb paresis; 3, 

partial hind limb paralysis; 3.5, full hind limb paralysis; 4, full hind limb paralysis and forelimb paresis; 5, 
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premorbid or dead. Mice with a score of  ≥4, were immediately sacrificed to prevent undue harm. 

Hippocampal slices were prepared at scores ≥3 or shortly after the score began to decrease 11-

18 days after EAE induction (see Electrophysiology, below). 

Two-photon microscopy 

The two-photon imaging setup was custom built based on an Olympus BX51WI microscope. An 

Olympus LUMPlan W-IR2 60× 0.9 NA objective was used and image acquisition was controlled by the 

open-source software package ScanImage 3.7 (Pologruto, Sabatini, and Svoboda 2003), which we 

modified to allow user-defined arbitrary line scans. A pulsed Ti:Sapphire laser (Chameleon, Coherent) 

was used to excite GCaMP6f and tdimer2 at 980 nm. Emitted photons were collected through the 

objective and oil-immersion condenser (1.4 NA, Olympus) with two pairs of photomultiplier tubes 

(H7422P-40, Hamamatsu). 560 DXCR dichroic mirrors and 525/50 and 607/70 emission filters (Chroma) 

were used to separate green and red fluorescence. Excitation light was blocked by short-pass filters 

(ET700SP-2P, Chroma). 

Calcium imaging 

An organotypic hippocampal slice culture was transferred to the chamber at the two-photon 

microscope and bathed in oxygenated ACSF containing (in mM): 135 NaCl, 2.5 KCl, 4 CaCl2, 4 MgCl2, 10 

Na-HEPES, 12.5 D-glucose, 1.25 NaH2PO4. To identify spines and dendrites responding to electrical 

stimulation of schaffer collateral axons (two 0.2 ms paired pulses with an interpulse interval of 40 ms), 

frame scans (at 15.625 Hz) of oblique dendrites were acquired. After finding a responding spine, user-

defined arbitrary line scans (500 Hz) that crossed the responding spines and dendrite to improve time 

resolution and signal to noise. Responses to stimulation were acquired once per minute. A stable 
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baseline was acquired for at least twenty minutes. After baseline, 9-phenanthrol (30 μM) was washed 

into the chamber and responses were acquired for another twenty minutes, once per minute. Finally, 

fresh ACSF containing no drugs was washed into the chamber and responses were acquired for a final 

twenty minutes. For analysis, regions of interest (ROI) were drawn over spines and dendrites in ImageJ 

and the relative % change in GCaMP6f green fluorescence was calculated as 100 * (F-F0) / F0 where F is 

the fluorescence intensity and F0 is the average fluorescence intensity prior to stimulation. Peak 

amplitude and area under the curve (AUC) were extracted from within the response time-window.  

Electrophysiology 

Mice were sacrificed between 2-6 months of age. Mice were briefly anesthetized with 80% CO2 /20% 

O2 prior to decapitation. The brain was dissected and immersed in ice-cold solution containing (in mM): 

110 choline chloride, 25 NaHCO3, 25 D-glucose, 11.6 sodium L-ascorbate, 7 MgSO4, 1.25 NaH2PO4, 2.5 

KCl, 0.5 CaCl2, continuously bubbled with 95% O2 and 5% CO2, pH 7.4. Coronal slices (300 μm thick) were 

cut using a vibratome and were allowed to recover at 34 °C for 30 minutes in oxygenated artificial 

cerebrospinal fluid (ACSF) containing (in mM): 125 NaCl, 26.2 NaHCO3, 11 D-glucose, 1 NaH2PO4, 2.5 KCl, 

1.3 MgCl2, 2.5 CaCl2. Slices were then kept in the same solution at room temperature until used. After at 

least 1 hour at room-temperature, a slice was placed in the recording chamber and continuously 

perfused with oxygenated ACSF supplemented with D-Serine (30 μM) to occupy the second agonist 

binding site of NMDA receptors, bicuculline-methochloride (10 μM) to block GABA-A receptors and SK-

channels (Khawaled et al. 1999) and 0.1% DMSO (see below). Current-clamp recordings from CA1 

pyramidal cells were performed at 23-25 °C (Figures 1-3) or at 30-32 C° (slices from EAE treated mice, 

Figures 5-6). Recordings were performed using either a Multiclamp 700B or an Axopatch 200B amplifier 

(Molecular Devices). Recordings were controlled and digitized using National Instruments A/D boards 

and Ephus software in the Matlab environment (Suter et al. 2010). Patch pipettes with a tip resistance of 



 69 

3-5 MΩ were filled with (in mM): 135 K-gluconate, 10 HEPES, 4 MgCl2, 4 Na2-ATP, 0.4 Na-GTP, 10 Na2-

phosphocreatine, 3 L-ascorbic acid and 3 QX-314 chloride (to block voltage-gated sodium channels). To 

evoke excitatory postsynaptic potentials (EPSPs), a monopolar electrode was placed in the stratum 

radiatum and 0.2 ms pulses were delivered using an ISO-Flex stimulator (A.M.P.I.). The stimulation 

intensity was set to produce an EPSP of approximately 40 mV. After a stable baseline was achieved (at 

least five minutes), a TRPM4 antagonist, either 9-phenanthrol (30 μM) or glibenclamide (20 μM), was 

washed into the bath. Both 9-phenanthrol and glibenclamide were dissolved in DMSO and resulted in a 

final 0.1% DMSO total concentration in the ACSF. An equivalent concentration of DMSO was included in 

the drug-free ACSF. 

Immunohistochemistry 

We anesthetized TRPM4+/+ and TRPM4-/-  mice with an intraperitoneal injection of a solution of 100 μl 

(10 mg ml−1 esketamine hydrochloride (Pfizer), 1.6 mg ml−1 xylazine hydrochloride (Bayer) and water) 

per 10 g of body weight. Afterward we perfused the mice with 0.1 M phosphate buffer and fixed them 

with 4% paraformaldehyde (PFA). For immunohistochemistry, 40 micron thick free floating sections 

were washed 3 x 5 mins in 1x PBS followed by 10 mins in 0.5% sodium borohydride in 1x PBS. Slices 

were incubated in blocking solution for 1 hour (0.3% BSA Sigma #A-4503, 10% horse serum Invitrogen 

#16050-130, 0.3% Triton X-100). Slices were then incubated overnight with primary antibody against 

TRPM4 (Rabbit polyclonal, 1:200, Alomone ACC-044; goat polyclonal, 1:500, Santa-cruz SC-27540; rabbit 

polyclonal, 1:100, Abcam ab104572). Anti-serum as a gift from Dr. J M Simard was reconstituted in 

water and used at a concentration of 1:200. As secondary antibodies, I used Alexa-488 rabbit or goat 

antibodies (1:1000) incubated with slices for 2-5 hours. Slices were then mounted and acquired on a 

Leica confocal microscope using a 488 laser line. Acquisitions were taken with the same laser intensity 

and PMT voltages for samples acquired within the same batch of stainings. 
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Analysis & Statistics 

Calcium imaging experiments were analyzed using ImageJ and repeated-measures ANOVA was used 

for statistical analysis. Electrophysiology analysis was completed in Matlab. All statistics were performed 

using Graphpad Prism (version 8). For paired analyses, the Wilcoxon matched pairs signed rank test was 

used. For analysis of the role of genotype and clinical score a two-way ANOVA was used for each 

parameter. A p-value below 0.05 was considered significant. 
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Supplementary Figure 18: Calcium-dependent dimming of CaMPARI2 

Top: Example linescans at the soma of a CaMPARI2 expressing neuron during either 10 or 50 bAPs. 

Signal closer to black indicates higher calcium. Bottom: The DF/F0 for CaMPARI2 without epitope tags 

for increasing numbers of bAPs. Note that the scale is negative as CaMPARI2 is a reverse calcium 

indicator. 
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Supplementary Figure 19: Amount of photoconversion relative to timing of violet light to 

stimulus 

All points represent photoconversion (change in red fluorescence, R1-R0) from 50 bAPs paired with 

100 ms of violet light (395 nm, 16 mW*mm-2). Blue points are from experiments using CaMPARI2 

without epitope tags and black points are from CaMPARI2 (W391-V398). The violet light was 

timed at different intervals relative to bAP onset. Example traces of calcium-dependent dimming 

of CaMPARI2 to 10 (light blue) and 50 bAPs (dark blue). Note that the time scale is matched to 

violet light timing and the highest photoconversion corresponds with the peak of CaMPARI2 

dimming. 
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displayed in Figures: 2e, 4, 5, 6j, S5a-c, S6, S7, S8, S9, S11. Although not shown in the paper, my original 

data demonstrated turnover of postSynTagMA (Appendix Fig. 1). I also spent a significant amount of 

time working on data that did not make it into the paper including simultaneous SynTagMA and Fluo5F 

imaging at single synapses (Appendix Fig. 2).  
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Supplementary Figure 1: Spontaneous circuit activity of cultured primary hippocampal neurons drives 

photoconversion of preSynTagMA.(a) LED arrays (51 diodes, 405 nm) were placed in an incubator (5% CO2, 37°C) 

and set to flash for 100 ms every 10 s for 4 hours. LED arrays were placed on top of 35 mm dishes containing cultured 
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primary hippocampal neurons. (b) Example green and red raw fluorescence of boutons when incubated with bicuculline to 

increase activity or TTX to block activity while illuminating with violet light as shown in a.(c) R/G ratio of individual boutons 

with bicuculline (n = 2456 synapses, 3 experiments) or TTX (n = 866 synapses, 4 experiments) (d) Axons from two 

neurons in bicuculline condition (axon A, blue overlay; axon B, orange overlay). (e) Raw green fluorescence. (f) Raw red 

fluorescence. Note that photoconversion (red fluorescence) was restricted to boutons of axon A. (g) Mean R/G ± SE from 

boutons of axon A (n = 11 boutons, R/G = 0.44 ± 0.04) and axon B (n = 12 boutons, R/G = 0.05 ± 0.02) (****p < 0.0001, 

Student’s t-test, unpaired), indicating differential activity. (h)  Dimming of green fluorescence from axons A (blue) and B 

(orange) during a 50 AP, 50 Hz stimulus train. Similar dimming indicates both axons could fire action potentials and had 

similar calcium influx during induced spiking. Therefore, the lack of photoconversion in bicuculline was most likely due to a 

lack of spiking in axon B. (i) Slow decay of R/G ratio following strong photoconversion (40 x 1 s light, 405 nm, paired 

exactly with 20 APs @ 50Hz). Images were acquired every ten minutes for two hours (n = 4 cells). Data are shown as 

mean ± SEM. Scale bars: 5 µm (c), 50 µm (d-f).  
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Supplementary Figure 2: Enrichment of preSynTagMA in Schaffer collateral boutons. (a) Two-photon image of 

hippocampal slice culture showing axonal boutons in stratum radiatum, originating from CA3 neurons expressing 

preSynTagMA and mCerulean as cytosolic filler. Upper panel: mCerulean (840 nm), middle panel: preSynTagMA (980 

nm), lower panel: green/cyan ratio image, indicating labeled vesicle clusters. Scale bars: 2 µm. (b) The ratio of 

preSynTagMA bouton to axonal shaft fluorescence vs the ratio of mCerulean bouton to axon fluorescence for n = 64 

boutons. Solid line: linear fit. Dashed line (slope = 1) indicates the expected location of boutons without synaptic vesicles. 

Experiment was reproduced in two slices. 
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Supplementary Figure 3: Detection of active boutons in rat hippocampal slices. (a) Bright field image of a rat 

organotypic hippocampal slice microinjected with AAV2/9-syn-preSynTagMA in the CA3 area.  (b) Wide-field fluorescent 

image showing preSynTagMA signal. (c) Scheme showing stimulus electrode and imaging area in stratum radiatum. Axon 

fibers were either stimulated with a glass monopolar electrode or silenced with TTX (1 µM). The electrode tip was placed 

in stratum radiatum to deliver an electrical stimulus to Schaffer collateral axons (0.2 ms pulses at 50Hz during 500 ms). 

Violet light (200 ms, 16 mW mm-2) was delivered with a 1 s delay relative to stimulus. This paired protocol was repeated 

25 times at 0.1 Hz. (d) Violin plot of bouton conversion [(R1 – R0/G0)] in stimulated (5.13 ± 0.02; n= 12887 boutons, 5 

slices) vs TTX groups (0.02 ± 0.01; n = 10193 boutons, 3 slices). A Mann Whitney test showed stimulated vs. TTX groups 

were significantly different (****p<0.0001). (e) Two-photon z-stacks before (green, acquired at 980 nm) and after (red, 

acquired at 1040 nm) the electrical stimulus protocol paired with violet light was repeatedly applied. (f) Automated 

analysis using SynapseLocator. Green spots with high red fluorescence at baseline (R0) were rejected. (g) Analysis of all 

spots with low R0.  Scale bars: 500 µm (a,b), 25 µm (e-g). 
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Supplementary Figure 4: Properties of SynTagMA-expressing neurons. (a) Left, example of voltage responses of 

CA1 pyramidal neurons expressing either mCerulean (Ctrl, n = 6 neurons, 6 slices) or mCerulean and postSynTagMA 
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(SynT., n = 7 neurons, 7 slices) elicited by current steps from -400 pA to +600 pA (1 s duration, 0.067 Hz). Right, plot 

showing mean firing rate during voltage steps (mean ± SEM). (b) Current ramp (1 s duration from 0 to +600 pA) and 

example response of a SynTagMA-expressing neuron used to determine the rheobase and action potential (AP) 

threshold. Rheobase of SynTagMA-expressing neurons was not different from mCerulean controls (Ctrl: 235.2 ± 21.4 pA, 

n = 8 neurons; SynT: 183.2 ± 17.4 pA, n = 6; p = 0.108, Mann-Whitney test). AP threshold of SynTagMA-expressing 

neurons was not different from mCerulean controls (Ctrl: -32.8 ± 0.74 mV, n = 8 neurons; SynT: -32.4 ± 1.6 mV, n = 6, p = 

0.80, two-tailed Student’s t test). (c) Resting membrane potential (Vm, Ctrl: -59.9 ± 1.1 mV, n = 9 neurons; SynT: -55.7 ± 

1.3 mV, n = 6; p = 0.088, Mann-Whitney test). (d) Membrane resistance (Rm) (Ctrl: 114.2 ± 6.9 MΩ, n = 9 neurons; SynT: 

115.8 ± 10.2 MΩ; n = 8, p = 0.90, two-tailed Student’s t test). (e) Membrane capacitance (Cm) (Ctrl: 227 ± 12 pF, n = 9 

neurons; SynT: 197 ± 13 pF, n = 8; p = 0.105, two-tailed Student’s t test). (f) Representative miniature AMPA receptor-

mediated postsynaptic currents (mEPSCs) from CA1 pyramidal cells voltage clamped at -70 mV in the presence of 

CPPene, picrotoxin and tetrodotoxin. Mean mEPSC amplitude was 17.1 ± 1.0 pA for control neurons (n = 4) and 14.2 ± 

0.9 pA (n = 6) for SynTagMA-expressing neurons (p = 0.067, Mann Whitney test). Inter-event intervals were 667 ± 176 ms 

for control neurons (n = 4) and 1314 ± 553 ms (n = 6) for SynTagMA-expressing neurons (p = 0.48, Mann-Whitney test). 

(g) Sections of CA1 oblique dendrites expressing mCerulean alone (above) or mCerulean and SynTagMA (below). Scale 

bar is 5 µm. Mean spine density per 10 microns (± SEM) was 11.8 ± 1.2 for mCerulean-expressing neurons (7 neurons, 3 

slices, 2896 spines) and 10.1 ± 0.7 for mCerulean and SynTagMA-expressing neurons (11 neurons, 5 slices, 3946 

spines; p = 0.42, Mann-Whitney test).  
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Supplementary Figure 5: Effect of autoregulatory elements on postSynTagMA expression level. (a) Scheme of 

postSynTagMA containing autoregulatory elements. (b) Confocal image of acute hippocampal slice from mouse 

expressing AAV9-postSynTagMA for two weeks. (c) Two-photon image (980 nm excitation) of dentate granule neurons 

expressing AAV9-postSynTagMA in an acute slice. Note dense, punctate expression in the molecular layers. (d) 

Organotypic rat hippocampal slice culture 4 days after AAV9-mediated transduction with postSynTagMA. (e) Scheme of 

postSynTagMA without autoregulatory elements. (f) Organotypic rat hippocampal slice culture 4 days after AAV9-
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mediated transduction with PSD.95-FingR_CaMPARI2_F391W_L398V (no ZF-KRAB). Virus titer and applied volume 

were matched to d). (g) Same culture, image was de-saturated by six-fold reduction in exposure time. Scale bars: 100 (b), 

20 (c), 500 microns (d, f, g). 

 

Supplementary Figure 6: Comparison of conversion metrics vs synapse size (a) Absolute change in red 

fluorescence (ΔR = R1 - R0) plotted against PSD size (G0). Slope of linear regression: 0.146 (0 bAP); 0.435 (3 bAP); 1.50 
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(50 bAP). Magenta: 50 bAPs. Blue: 3 bAPs. Green: 0 bAP. (b) Ratio after photoconversion (R1/G1) versus PSD size. 

Slope of linear regression: -0.63 (0 bAP); -0.59 (3 bAP); -2.8 (50 bAP). (c) ΔR/(G1 + G0) versus PSD size. Slope of linear 

regression: -0.068 (0 bAP); -0.066 (3 bAP); -0.011 (50 bAP). (d) Same analysis as in c), but on deconvolved data 

(AutoQuant X3). Note improved separation between stimulated and non-stimulated synapses. Pink: 50 bAPs. Light blue: 3 

bAPs. Light green: 0 bAP. 

 

 

 

Supplementary Figure 7: Assessing photodamage caused by violet light and NMDA in organotypic cultures 

by propidium iodide (PI) staining. (a-c) Representative images of hippocampal slice cultures following incubation with 

propidium iodide, which enters and stains damaged cells. Overlay of Dodt-contrast image (grayscale), propidium iodide 

fluorescence (yellow) and cerulean-expressing CA1 pyramidal cells (cyan). Scale bars 500 µm and 200 µm, respectively. 

(a) Slice culture kept in the dark. (b) After exposure to our typical photoconversion protocol (15 x 500 ms light pulses, 395 

nm, 16 mW mm-2) resulting in a cumulative light dose of 0.12 J mm-2. (c) After exposure to 1 mM NMDA for 1 hour. (d) 

Quantification of results vs light dose. Data are plotted as median and interquartile range. A one-way ANOVA followed by 
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Dunnett’s multiple comparisons to the no light condition was used. No light (n = 5 slices) vs 0.08 J mm-2 (n = 3 slices, p > 

0.999); No light vs 0.12 J mm-2 (n = 5 slices, p = 0.99); No light vs 1.6 J mm-2 (p = 0.74, n = 3 slices); No light vs 96 J mm-

2 (*p < 0.0461, n = 2 slices); No light vs NMDA (**** p < 0.0001, n = 4 slices).  
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Supplementary Figure 8: Exclusion of non-SynTagMA objects (spots) by their red fluorescence. (a) 

SynTagMA-expressing pyramidal neuron before stimulation (G0). Dendritic branches in stratum lacunosum-moleculare, 

980 nm excitation, 150 x 150 x 60 µm volume. (b) Corresponding view of red autofluorescence (R0) at 1040 nm excitation. 

(c) Spot detection in Imaris based on G0. Spots were subsequently classified according to their red fluorescence before 

simulation (R0). Spots with low R0 are SynTagMA-labeled spines (blue) while spots with high R0 (orange) were primarily 

detected in autofluorescent patches outside the labeled neuron. High R0 spots were rejected from further analysis. 3D 

images in Imaris (a-b), scale in c. (d, e) Zoomed-in views (rotated) of the area denoted by black square in a). White arrow 
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points to a likely SynTagMA signal (green fluorescence) that due to its proximity to red autofluorescence has been 

rejected (yellow spot). Even in this problematic region, the large majority of auto-detected spots were sufficiently distant 

from autofluorescence to be analyzed (blue spots). Some small green spots escaped detection by the algorithm (no 

blue/yellow marker).  

 

Supplementary Figure 9: Comparison of analysis results with manual identification of ROIs vs analysis 

performed with SynapseLocator. (a) Full-field view (maximum projection) of the same cultured hippocampal neuron 

expressing preSynTagMA as shown in Fig. 2 with overlaid photoconversion grid. Dashed lines are borders set for 

including automatically identified boutons in a group. Left: Regions of interest (~500 ROIs) were selected and manually 

curated using Fiji (white dots are ROIs). Right: Colored and grey dots indicate (ROIs) identified and analyzed by 

SynapseLocator. Grey spots were outside the illuminated fields and not quantified. Magenta spots: (R2 - R0)/G0 > 0.25. 

Black spots: (R2 - R0)/G0 < 0.25. Scale bar is 50 µm. (b) The photoconversion values from Trial 3 (see Fig. 2) from the 
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group of boutons that were both manually and automatically identified plotted against each other (n  =  413 boutons). (c) 

Photoconversion (R2 - R0)/G0 vs timing delay for the same data manually identified (right, n = 583 boutons) or identified 

and analyzed using SynapseLocator (left, n = 1059 boutons). Boxes: Median, 25% and 75% percentiles and whiskers the 

1.5 interquartile interval. Grey + are outliers. The data distribution was not normal within any group (D’Agostino & Pearson 

test, P < 0.0001). A non-parametric Kruskal-Wallis test followed by Dunn’s multiple comparisons was used. Before manual 

vs before automatic (p = 0.46), 200 ms manual vs 200 ms automatic (p = 0.1184), 2 s manual vs 2 s automatic (p = 

0.0503), 5 s manual vs 5 s automatic (p > 0.999), 10 s manual vs 10 s automatic (p = 0.3644). 

 

Supplementary Figure 10. PostSynTagMA identifies excitatory synapses on interneurons. (a) Two-photon 

image (maximum intensity projection) showing expression of postSynTagMA in an interneuron (IN) next to five pyramidal 

CA1 cells (pyr). Scale bar 20 µm. (b) Detail of postSynTagMA puncta in smooth interneuron dendrite (IN) and (c) spiny 

pyramidal neuron dendrite (pyr). Scale bars a) 20 µm b) 10 µm c) 5 µm. 
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Supplementary Figure 11. Intensity and depth-dependence of photoconversion. (a) Histogram of 

photoconversion for 50 bAPs with 16 mW mm-2 (as in Fig. 4c) and 50 bAPs with 1.6 mW mm-2. (b) Photoconversion 

(ΔR/(G0+G1)) shows linear non-proportional relationship to violet light intensity. Median values taken from (a) with the 0 

bAP condition shown in Fig. 4c. Black line represents the linear fit to the data. (c) Simulation of violet light illumination 

(405 nm) through a deep cranial window using an 0.8 NA objective (see Fig. 7). Note homogenous intensity throughout 

hippocampus for a given depth. (d) Simulation of violet light injection (10 mW) via 200 µm diameter light fiber with 0.22 

NA. Depth attenuation is similar to the cranial window situation, but the intensity drops off more steeply with radial 

distance (xy). 



Discussion 

1.0 The role of TRPM4 in hippocampal synaptic function 

In this project, I was interested in the role of TRPM4 in hippocampal synaptic transmission. I 

hypothesized that TRPM4 activation occurs downstream from NMDA receptors and facilitates further 

depolarization and calcium influx (Figure 9B). I found that TRPM4 does not contribute to basal synaptic 

transmission at the CA3->CA1 Schaffer collateral synapse in healthy mice. However when EAE is induced, 

TRPM4 increases synaptic transmission in acute slices made from wild type but not TRPM4-/- mice. 

In situ hybridization for TRPM4 in the brain indicate mRNA transcripts in the CA1 region of the 

hippocampus (Fig. 9A). To confirm protein expression of TRPM4 in the hippocampus, I tested four 

different antibodies, 3 commercial and 1 from the lab of Dr. Simard, in hippocampal brain slices from 

both wildtype and TRPM4-/- mice. In all instances, there were no clear differences between genotypes 

suggesting either that none of these antibodies effectively target TRPM4 or that the hippocampus does 

not express the channel at detectible levels. Unfortunately, the antibody used in the study from 

Schattling et al (2012), which was validated using the same TRPM4-/- mouse line, is no longer available. 

As these antibodies were nonspecific, I did not attempt immunohistochemistry in slices from EAE 

animals, which would potentially inform us on whether TRPM4 expression is upregulated in the 

hippocampus and where this upregulation occurs. Recently, a lab published a study in which a TRPM4-

IRES-Cre line was created (Eckstein et al., 2020). Access to this line, would allow us to finally determine 

the expression pattern of TRPM4 not only in the hippocampus but in the entire brain. Distinguishing 

expression patterns in different cell types would be particularly illuminating for TRPM4 as it is reportedly 

expressed in neurons, astrocytes, microglia and microvasculature in the brain (Gerzanich, Kwon, Woo, 

Ivanov, & Marc Simard, 2018; Gerzanich et al., 2009; Kurland et al., 2016; Stokum et al., 2018). 
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It was unexpected that TRPM4 antagonists had no effect on calcium influx at the synapse or on 

EPSPs, particularly given that theta-burst LTP is impaired in TRPM4-/- animals (Menigoz et al., 2016). 

Although when comparing wildtype and TRPM4-/- mice, the authors also reported no change in basal 

transmission by measuring input/output curves, miniature excitatory postsynaptic currents, and 

AMPAR/NMDAR ratios. In my experiments I attempted to evoke large synaptic events to increase the 

likelihood of TRPM4 activation and under pharmacological conditions that might have unmasked a 

TRPM4 dependent effect. As outlined in the paper, there are a few explanations for the absence of a 

TRPM4 effect. The first being that there is no TRPM4 protein to antagonize or that we did not activate 

the channel. It is true that the channel reportedly desensitizes quickly (Nilius, Prenen, Janssens, Voets, & 

Droogmans, 2004), however this is based on single channel recordings and desensitization in vitro is 

likely modulated by factors like PIP2, calmodulin and internal ATP levels (Nilius, Prenen, Janssens, et al., 

2004; Nilius et al., 2005; Nilius, Prenen, Voets, et al., 2004). These factors could potentially be affected 

by washout from whole-cell recordings, but this does not explain the findings from calcium imaging 

experiments in which the cells were not patched.  

In the hippocampus, calcium-activated nonspecific cation channels have been linked to neuronal 

burst firing. Most of these studies focus on the involvement of TRPC channels (Arboit et al., 2020; 

Knauer & Yoshida, 2019) but recent work in the entorhinal cortex indicates other channels like TRPM4 

and not TRPC channels may support burst firing (Egorov et al., 2019). Additionally, the theta-burst LTP 

phenotype points to a role of TRPM4 in lowering the threshold for a postsynaptic neuron to spike or 

burst. By including QX-314 in the intracellular solution, which blocks voltage-gated sodium channels to 

prevent action potentials, we may have occluded the action of TRPM4 in action potential generation. 

However, our study sought to understand the role of TRPM4 in synaptic transmission rather than 

focusing on cell excitability. In the future it would be worthwhile to examine the role of TRPM4 in cell 

excitability. 
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As TRPM4 did not contribute to synaptic transmission in the healthy hippocampus, I hypothesized 

that perhaps TRPM4 only becomes significantly activated or TRPM4 expression is upregulated in a 

disease state like EAE. Indeed, TRPM4 is shown to be upregulated in the brain in EAE (Bianchi et al., 

2018; Schattling et al., 2012) and in instances of brain injury (Gerzanich et al., 2009; J. M. Simard et al., 

2006). In glutamate excitotoxicity assays, antagonism of TRPM4 or absence of the channel is protective 

against cell death (Bianchi et al., 2018; Schattling et al., 2012). I conducted the same experiments 

measuring EPSPs from acute slices prepared from wild type and TRPM4-/- mice at the acute stage of EAE. 

Glibenclamide but not 9-phenanthrol reduced the EPSP peak amplitude exclusively in wild type animals. 

Although the n-size for the 9-phenanthrol group is a bit low (n=4), it did not point towards a clear trend 

in any direction. The effect on EPSP amplitude by glibenclamide but not 9-phenanthrol suggests that I 

may have observed a specifically SUR1/TRPM4 effect rather than exclusively TRPM4. Glibenclamide has 

a 100-fold higher efficacy against the SUR1/TRPM4 channel than the TRPM4 channel alone (Woo et al., 

2013). Due to the lack of available antibodies against TRPM4, I was not able to check for protein 

expression. To confirm the hypothesis that a SUR1/TRPM4 upregulation is responsible for the increase in 

synaptic transmission during EAE, a suitable antibody for TRPM4 must be developed or use of a labeled 

mouse line, such as the TRPM4-IRES-Cre line (Eckstein et al., 2020). 

One caveat to these results is the difference in the temperature at which the recordings were 

conducted. TRPM4 activation is temperature dependent with open probabilities increasing above 30° C 

(Talavera et al., 2005). I conducted the experiments with slices from healthy animals at lower 

temperatures 23-25 °C and at 30-32 C° with slices from EAE animals. Optimally, additional experiments 

at higher temperature from healthy wild types with glibenclamide should be conducted. 

2.0 Developing genetically-encoded tools for mapping neuronal and synaptic 

activity 
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In “Improved methods for marking active neurons”, my co-authors and I developed and 

characterized the genetically encoded calcium integrator: CaMPARI2. Although CaMPARI1 is new 

category of sensor that allows the user to tag neurons that are active at a particular time, it has some 

shortcomings. CaMPARI1 suffers from modest photoconversion contrast and lost much of its signal 

following chemical fixation (Fosque et al., 2015). CaMPARI2 features improved brightness and better 

photoconversion contrast in comparison to CaMPARI1. A monoclonal antibody against the red species of 

CaMPARI2 and the addition of epitope tags to the CaMPARI2 sequence allows for reliable post-hoc 

analysis in fixed tissue. CaMPARI2 is a useful tool for tagging active neurons but as it is soluble in the 

cytosol it cannot indicate local calcium, for example at the synapse, as the photoconverted protein will 

diffuse away from the site of local calcium. In “Freeze-frame imaging of synaptic activity using 

SynTagMA”, we created preSynTagMA by fusing CaMPARI2 to the vesicular protein synaptophysin and 

we created postSynTagMA by fusing CaMPARI2 to an intrabody against PSD-95, a postsynaptic 

scaffolding protein. preSynTagMA can be used to distinguish active from inactive axons and 

postSynTagMA can be used to generate, potentially iterative, maps of synaptic activity across the entire 

dendritic arbor. The beauty of these sensors is the possibility of decoupling imaging from behavior (i.e. 

the labeling period), which allows for high resolution imaging with a temporal resolution of 

approximately two seconds. 

I will now remark in more depth on notable features of the sensors and their use. For the sake of 

clarity, I will use CaMPARI1 when I write specifically about the originally published sensor, CaMPARI2 

when I write specifically about the newly developed sensor, and CaMPARI when describing features 

shared by both sensors. In a similar manner, I will use SynTagMA generally when describing features 

that apply to both preSynTagMA and postSynTagMA and otherwise I will use the specific naming. 

2.1 A narrow window for photoconversion with the improved CaMPARI2 
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We originally fused CaMPARI1 to synaptophysin (sypCaMPARI) and found that it reliably reported 

single APs as shown by the dimming of the sensor (CaMPARI is a reverse indicator) and repeatedly 

pairing APs with violet light resulted in increased photoconversion. However, sypCaMPARI and  

CaMPARI1 exhibit activity-independent photoconversion (Paper 2, Fig 1; Paper 3, figure 1). Through our 

collaboration with the Schreiter lab, I helped to characterize the new CaMPARI2 in neurons. I first 

characterized its decrease in fluorescence upon calcium binding by inducing increasing numbers of back-

propagating action potentials at the soma through a patch pipette (Paper 2, supplemental fig. 18).  An 

unusual feature of CaMPARI is its rather slow kinetics in comparison to other GECIs. The calcium-

dependent dimming peaks approximately 1 second after the stimulus and returns to baseline 

approximately 3-15 seconds later. Next, I wanted to understand the relationship between CaMPARI 

dimming and photoconversion. I hypothesized that the optimal photoconversion time would correspond 

with the rapid millisecond timescale of calcium influx and clearing at the spine (Sabatini, Oertner, & 

Svoboda, 2002) or it would fit with the kinetics of the sensor. I carefully tested my hypothesis by pairing 

bAPs with 100 ms violet light (395 nm) at multiple delays relative to the bAPs in CaMPARI2 expressing 

neurons. I found that the optimal photoconversion time corresponds to the peak of the CaMPARI timing 

(Paper 2, supplemental figure 19). We confirmed these findings using a spatial light modulator device to 

illuminate quadrants of a sypCaMPARI or preSynTagMA expressing neuron at different delays relative to 

the stimulus (Paper 3, fig 2). We found that the optimal photoconversion time was also 1 second for 

sypCaMPARI and preSynTagMA but the temporal window for sypCaMPARI extended up to 10 seconds 

after the stimulus while preSynTagMA exhibited a much narrower temporal window between 200 ms to 

2 seconds after the stimulus. Although a few seconds saved sounds trivial, in terms of activity in the 

brain particularly related to behavior, this is a huge improvement. Considering a behaving animal, ten 

seconds of integrated neural activity is significantly more neuronal computational intensive period as 

compared to two seconds of integrated neural activity. 
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2.2 Labeling active neurons: Immediate early genes versus CaMPARI2 and nuclear 

postSynTagMA 

Active neurons can be monitored in real-time using GECIs or active neurons can be marked using 

immediate early genes (IEG) either as a label in fixed tissue or to drive expression of another protein like 

a calcium sensor or an opsin. IEGs, like Fos and Arc, are transiently expressed in neurons following 

neural activity. Their expression requires calcium influx and activation of downstream signaling including 

the calcium/calmodulin-dependent protein kinases, calcineurin, and Ras-mitogen-associated protein 

kinase-mediated pathways (Yap & Greenberg, 2018). By using inducible genetic switches like the 

tetracycline-controlled trans-activator and Cre recombinase under the control of an IEG promotor, it is 

possible to label neurons that were active during a particular time period. Numerous studies using these 

methods have been published and have led to groundbreaking discoveries on memory formation, 

consolidation, separation and extinction in multiple brain areas (Josselyn & Tonegawa, 2020; Tonegawa, 

Morrissey, & Kitamura, 2018). However, these studies have relatively poor temporal precision. The 

activity-dependent expression window of cFos is approximately 6 hours (unpublished results, Dr. 

Lamothe-Molina). Inducible systems, like Tet-tag, rely on delivery of tetracycline usually in food/water 

or by intra-peritoneal injection and tetracycline is also slow to metabolize. These factors extend the 

potential activity-dependent labeling window to upwards of 12-24 hrs (unpublished results, Dr. 

Lamothe-Molina). This means that labelling will inherently include behaviors outside of the behavior 

being studied. CaMPARI2, on the other hand, can afford precise (within 2 seconds before the violet light) 

labeling of cells active during a particular behavior. We showed that CaMPARI2 can specifically label 

neurons in the primary visual cortex that are tuned to a particular grating direction.  

A drawback to labeling with CaMPARI2 is that the replacement of photoconverted red protein with 

fresh green protein (i.e. turnover) is approximately 3 days. This limits the frequency of potential re-

labeling experiments. A new reversible version of CaMPARI, reversibly switching CaMPARI (rsCaMPARI), 
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is available. With rsCaMPARI, the active neurons are photo-switched between bright and dark states 

rather than converted from green to red (Sha, Abdelfattah, Patel, & Schreiter, 2019). Although 

potentially useful, rsCaMPARI is still a reverse calcium indicator and so when a neuron is active, it will be 

dim. But the photoswitch label for active neurons is also dark. This will make distinguishing between 

spontaneously active and labeled neurons difficult. Additionally, alignment of dark or absent signal 

would be near impossible. 

postSynTagMA can be used to mark active neurons similar to CaMPARI2, in addition to marking 

postsynapses. Our targeting strategy for postSynTagMA uses PSD95.FingR, an intrabody that specifically 

binds to PSD95 (Gross et al., 2013) and its expression is regulated by  a zinc-finger-KRAB(A) sequence. 

This sequence can drive sequestration of excess protein in the nucleus and suppress further 

transcription (Wang et al., 2014) (Paper 3, fig. 3). Indeed, postSynTagMA expresses at the postsynapse 

and is enriched in the nucleus. This serendipitously created an additional labeling compartment that we 

hypothesized might represent neural activity similar to that measured using untargeted GECIs. Indeed, 

we found that postSynTagMA can selectively label neurons that were active during a reward 

presentation and these neurons also experienced high calcium transients during the reward 

presentation (Paper 3, fig. 7). Unlike CaMPARI2, postSynTagMA at the nucleus turns over with a time 

constant of 208 minutes (data not shown). Principally, overnight, the red protein should be replaced by 

fresh green protein and a new activity map can be generated. This turnover rate is a far better 

compromise and fits well with learning experiments that occur over days, like water maze or reward 

learning. 

2.3 Using preSynTagMA to label active axons 

An early approach to imaging at the presynapse used synaptopHluorin whose fluorescence reports 

vesicular exocytosis (neurotransmitter release) and vesicular recycling (Miesenböck, De Angelis, & 



 161 

Rothman, 1998). Neurotransmitter sensors for glutamate, dopamine, serotonin and acetycholine make 

it possible to image release events at single synapses, however these sensors suffer similar limitations as 

those I described earlier for calcium imaging (Helassa et al., 2018; Jing et al., 2018; Marvin et al., 2019; 

Patriarchi et al., 2018; Wan et al., 2020). A new sensor, Synaptozip, is genetically encoded “bait” 

sequence targeted to the vesicular lumen that upon vesicle exocytosis, the bait is available and can 

specifically bind with a fluorescently labeled added peptide, called Synbond (Ferro et al., 2017). 

Synaptozip signal accumulates indiscriminate to the temporal dynamics of the presynaptic activity.  On 

the other hand, by timing violet light with the activity of interest, preSynTagMA can report an integral of 

activity at the bouton with temporal control. PreSynTagMA can be used to distinguish between active 

and inactive axons (Paper 3, supplemental fig. 1) and potentially differences between individual boutons 

(Paper 3, supplemental fig. 3). Axonal activity is important for neural computations and tuning to certain 

stimuli (M. Howe et al., 2019; M. W. Howe, Tierney, Sandberg, Phillips, & Graybiel, 2013; Sun, Tan, 

Mensh, & Ji, 2016). Plasticity of axonal activity is an important feature in learning and preSynTagMA 

could be used to map activity iteratively. The time constant for preSynTagMA turnover is 249 minutes 

and so similar to nuclear postSynTagMA, remapping is feasible the following day. 

2.4 Distinguishing active synapses from inactive synapses with postSynTagMA 

The propagation of an action potential in the axon is unidirectional and although there may be 

variability in levels of photoconversion between boutons on an axon relating to the composition of 

VGCCs between boutons, we expect that if an axon experienced an AP it will propagate through all 

boutons. In contrast, a postsynaptic neuron receives input from many different axons that will result in 

significantly different amounts of calcium influx at the postsynapse. As back-propagating action 

potentials (bAPs), in the presence of synaptic blockers, should principally elevate the amount of calcium 

evenly across the cell, I paired 0, 3, and 50 bAPs with violet light. I showed that postSynTagMA can 

reliably report increasing amounts of calcium at single synapses (Paper 3, fig. 4). Using the same pairing 
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protocol (50 bAPs, 15 repeats) but decreasing the violet light intensity by 10-fold revealed a linear 

relationship between violet light intensity and the amount of photoconversion (Paper 3, supplemental 

fig. 11).  

Interestingly, I observed variability in the photoconversion values between synapses experiencing, 

presumably, similar bAP-driven calcium influx. Pursuing this question, I repeated the 50 bAPs 

experiments and imaged the entire dendritic tree. I found that photoconversion attenuates in a very 

similar manner as the reported using electrophysiological dendritic recordings and using calcium 

imaging (Colbert, Magee, Hoffman, & Johnston, 1997; Golding, Kath, & Spruston, 2001). I also confirmed 

the same attenuation by imaging individual synapses across the dendritic tree using GCaMP7b (Paper 3, 

fig. 5). Although not a new finding, this is one of the first reports of bAP attenuation including the more 

thin and oblique dendrites and specifically at all synapses. However, distance from the soma does not 

entirely explain variability in photoconversion as the differences are also visible between neighboring 

synapses. The composition of VGCCs can vary between synapses (Bloodgood & Sabatini, 2007, 2008; 

Yasuda, Sabatini, & Svoboda, 2003) and ER calcium release or uptake at individual synapses may  be an 

explanation for the observed variability (Holbro, Grunditz, & Oertner, 2009). This highlights a utility of 

postSynTagMA for revealing subtle differences between synapses that would be difficult and exhaustive 

using traditional spine-by-spine calcium imaging. 

2.5 Generating synaptic activity maps with postSynTagMA 

There are a handful of existing methods for mapping synapses or monitoring synaptic activity. The 

GFP-reconstitution across synaptic partners (GRASP) method uses split GFP tethered to the pre and 

post-synapse and only when both are in close proximity, i.e. make a synapse, will the GFP reconstitute 

and fluoresce. The method was first demonstrated in drosophila and nematodes,  then improved for 

mammalian systems (mGRASP), and more recently an enhanced dual GRASP (eGRASP) was published, 
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which enables labeling of two different presynaptic partners (in cyan and yellow) projecting onto the 

same postsynaptic partner (Choi et al., 2018; Feinberg et al., 2008; J. Kim et al., 2012). Although these 

methods have revealed insights into synaptic level connectivity during memory formation, they are 

purely anatomical. Reports from our lab and the lab of Dr. Simon Wiegert have shown potential toxicity 

and an increase in synapse number over time when using GRASP methods. This begs the question of 

whether these tools not only report anatomy but also alter it. We found no alterations in synaptic 

transmission and spine number between SynTagMA expressing cells and controls (Paper 3, 

supplemental fig. 4). 

Calcium imaging at individual synapses can link anatomy and function but, in intact tissue, we are 

limited to a small field of view and only a few of the thousands of synapses on a neuron are actually 

probed. Using postSynTagMA it is possible to visualize the “where” of all active synapses at a moment in 

time (the labeling window). When using subthreshold activity (i.e. not driving the postsynaptic neuron to 

spike), we can photoconvert and specifically label the postSynTagMA synapses recruited by the stimulus 

(Paper 3, fig. 6). The postSynTagMA turnover rate is approximately 30 minutes; markedly faster than 

preSynTagMA, nuclear postSynTagMA and CaMPARI2. Indeed, this limits the available time to image the 

generated postSynTagMA map however, it is possible to relabel the same synapses again. This opens up 

the possibility to follow the stability of a synaptic map over time, particularly under conditions that may 

drive plasticity.  

An ultimate application of postSynTagMA is in vivo applications. We demonstrated the basic utility 

of imaging and photoconversion of postSynTagMA in an anesthetized mouse (P3 Fig 7). However, a 

limitation for work in vivo includes the potential for bAP invasion of the dendrite to interfere with 

synaptic calcium; resulting in a fully photoconverted dendritic tree. To truly understand this 

interference, further experiments in vivo are necessary. I hypothesize that there may be some “wiggle” 
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room that allows for the occasional coincident bAP and synaptic calcium influx. Recall that in figure 4 of 

paper 3, I tested the amount of photoconversion to  0, 3 and 50 bAPs. However, the total number of 

labeled bAPs is actually higher as the pairing of bAPs to violet light was repeated 15 times in each 

condition. Meaning that in the 3 bAPs group, the labeled neuron represents the integration of 45 bAPs 

and in the 50 bAPs group, 750 bAPs. The 3 bAPs group is well below the ceiling of maximum 

photoconversion. An additional point is that the nonlinear calcium influx driven by NMDARs at the spine 

may result in stronger photoconversion at the spine than from bAP invasion alone as the coincident 

calcium from an NMDA-dependent EPSCaT and a bAP is summed (Nevian & Sakmann, 2004).  

Even if single synapse labeling without interference from dendritic calcium is not possible in vivo, 

there is considerable interest in dendritic integrative properties, which can be initiated by synaptic 

activity (G. J. Stuart & Spruston, 2015). I hypothesize that gradients of photoconversion in synapses 

along a converted dendrite could potentially point towards cooperativity among synapses. Some studies 

using spine-by-spine imaging in vivo have shown synaptic clustering and dendritic and synaptic 

segregation of information (Frank et al., 2018; Iacaruso, Gasler, & Hofer, 2017; Kerlin et al., 2018; Scholl, 

Wilson, & Fitzpatrick, 2017). Modeling studies attempt to explain these observed phenomena in a larger 

system and postSynTagMA may be able to experimentally test modeling studies, particularly those that 

are interested in how memories are linked across time in both synapses and neuronal populations 

(Kastellakis, Silva, & Poirazi, 2016) 

2.6 Practical tips for working with SynTagMA and CaMPARI2 

I would like to spend a bit of time describing the optimal conditions for CaMPARI and SynTagMA 

acquisition and analysis.  

2.6.1 Acquisition 
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The fluorescent protein that CaMPARI and SynTagMA are built upon, mEos2, has photoswitching 

properties in addition to photoconversion. Simply put, mEos2 can be switched into a brighter state with 

a brief violet light illumination (Fosque et al., 2015). I recommend using a short violet light pulse prior to 

acquiring any image. It is important to remember that the optimal time to shine violet light is 200 ms to 

2 seconds after the activity onset. Violet light outside of this window may label additional activity and 

smear out the temporal resolution. In my hands, I found 500 ms light pulses at a 1 second delay to give 

excellent results but depending on the experimental conditions, it may be useful to combine shorter or 

less intense pulses with more pairing events. This could potentially avoid a strong effect of bAP 

interference. I recommend whenever possible, to image a before and after photoconversion image. It 

can be difficult to set the laser intensity for the red species for the before image. I recommend 

increasing the laser power so that there is detectible excitation of the green species in the green 

channel by the longer 1040 nm wavelength. 

The combination of slow kinetics and a decrease in fluorescence upon calcium binding are important 

factors to consider when working with CaMPARI or SynTagMA. Because the brain is always active, there 

is always a possibility that an expressing neuron will be spontaneously active (i.e. very dim) when the 

high-resolution image stack is being acquired. Luckily, because CaMPARI and SynTagMA are ratiometric 

indicators, the dimming equally affects both green and red species. To mitigate this issue, addition of 

synaptic blockers or imaging under conditions of low activity, like that observed uising ketamine/xylzine 

anesthesia, should be considered (Yang et al., 2020). In our experiments, we used two separate 

wavelengths to excite the green and red species of CaMPARI or SynTagMA (980 nm and 1040 nm, 

respectively). To improve acquisition speed and reduce motion artifacts, I recommend acquiring stacks 

by scanning an optical section first with one beam and switching to the other beam and scanning the 

same optical section. This approach also reduces the possible interference of spontaneous activity, i.e. 
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dimming, while acquiring stacks. Finally, post-hoc staining against both green and red species would 

potentially circumvent this issue as the antibody should reveal cells that were dark at acquisition.  

As highlighted above, CaMPARI2, preSynTagMA, and postSynTagMA (at the synapses and the 

nucleus) all feature varying protein turnover rates. These rates determine the available time one has to 

acquire the labeled map of cells or synapses and the frequency at which one can remap those cells and 

synapses. The rather short turnover of postSynTagMA at the synapse makes it impossible to use without 

quick access to imaging; like a cranial window in vivo or under the microscope in vitro. The other 

sensors, on the other hand, may be amenable to fiber-coupled photoconversion in a freely behaving 

animals followed by immunohistochemistry with the red CaMPARI2 antibody.  

Another important factor to consider is violet light penetration due to depth-dependent attenuation 

due to scattering and absorption. I found that there is a linear relationship between photoconversion 

and light intensity (Paper 3, supplemental fig. 11). Using a published modeling software, I determined 

the expected violet light penetration through a cranial window and a flat tipped implanted optical fiber. 

Illumination through the objective gives rather uniform light attenuation with depth whereas, 

unsurprisingly, light scattering from the fiber occurs in all directions, making it more difficult to interpret 

photoconversion results. I would recommend normalizing photoconversion between cells or synapses at 

similar depths. As extended violet light illumination can lead to photodamage, I assessed cell death 

under conditions used in our paper and found we were well within safe margins (Paper 3, supplemental 

fig 7), however, it is important to consider these effects when working with these sensors. This is of 

particular importance as it may limit the number of iterative maps possible. 

2.6.2 Analysis 

Although the possibility of capturing a complete synaptic activity map is fantastic, labeling on thousands 

of synapses on a single neuron makes it essential to automatize the analysis (Paper 3 fig. 5). Following 
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acquisition, the image stacks must be aligned and corrected from chromatic aberration. In optimal 

experimental conditions, there is at least one before and after image and even if those images are taken 

relatively close in time (~10 minutes), small movements and the motility of spines in tissue requires 

alignment of the two images. As these movements occur in three dimensions and are highly localized, a 

simple rigid registration insufficient. Inspired by whole brain imaging methods, we applied a software 

package developed for functional magnetic resonance imaging, called Elastix (Klein, Staring, Murphy, 

Viergever, & Pluim, 2010), to transform and align one image stack to another. Once both images are 

aligned, the second obstacle is finding the relevant signal coming from synapses expressing SynTagMA. I 

used two different approaches to spot/synapse finding. The powerful image analysis software, IMARISTM 

has a spot locating feature. Using this method, the user defines an object size (in xyz) and the 

fluorescent channel to locate the spots. Additional filtering can exclude spots containing fluorescence 

from another channel. Although this method is robust and reliable, it is limited to ellipsoid-shaped spots 

and requires each described step above to be done in separate steps. 

Our open-source software package SynapseLocator is able to align and transform two image stacks 

and subsequently find spots. In contrast to IMARIS, SynapseLocator uses machine learning to find spots. 

The user creates a training set from real data and trains the classifier for spot finding. With this method, 

the spots are fit to their actual shape, which should increase signal fidelity in comparison to the ellipsoid 

method.  

A final analysis challenge is the presence of autofluorescent objects in tissue, whose emission is 

green and particularly red. Synapses have a limited size range and therefore some of the 

autofluorescent objects can easily be rejected using size as a criterion, but a proportion of these objects 

are similar in size to SynTagMA signals. Fortunately, many of these objects, do not overlap with 

SynTagMA (Paper 3, supplemental fig. 8). As autofluorescent objects do not photoconvert most of these 
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objects can be rejected due to their red fluorescence in the before photoconversion image. Experiments 

that use a single post-photoconversion time point may require the use of a morphological marker, like 

mCerulean, in order to reject high red objects that do not belong to the neuron. 
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Appendix 

Additional unpublished supplementary figures 

 
Supplementary Figure 1: Turnover of converted SynTagMA 

A CA1 neuron expressing postSynTagMA in an organotypic hippocampal slice culture was exposed to a 

high potassium ACSF containing 40 mM K+ in solution to drive bursting activity in the slice. An image 

of the postSynTagMA signal was taken before High K+, using 980 nm and 1040 nm, respectively. The 

slice was exposed to high K+  for approximately 10 minutes and 1 sec (16 mW*mm-2) of violet light 

every 30 seconds was shined on the neuron through the objective. After replacing the high K+ ACSF 

with fresh ACSF, a second image was acquired in the same manner. Finally, 1.5 hours after the initial 

photoconversion, a final image was acquired. High K+ resulted in strong photoconversion along the 

entire dendritic processes (A). After 1.5 hours post photoconversion, approximately all of the newly 

red photoconverted postSynTagMA was removed (B). n=1 cell, 48 synapses 
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Supplementary Figure 2: Comparing photoconversion at individual synapses to their calcium 

transients  

A stimulating electrode placed in the stratum radiatum to evoke subthreshold (non-spiking) paired 

pulse EPSPs at the Schaffer collateral synapse; as measured by a CA1 neuron neighboring the 

postSynTagMA expressing neuron. Before pairing violet light and EPSPs, a pre-photoconversion image 

was taken. Then EPSPs were paired with 100 ms violet light (1 sec delay, 16 mW/mm-2) 50 times and a 

post-photoconversion image was taken. Immediately following imaging, the postSynTagMA neuron 

was patched and filled with Fluo5F and Alexa-594 dye. Putatively converted synapses were surveyed 

for Fluo5F-dependent calcium transients in response to the same electrical stimulus used for 

photoconversion. There is no clear relationship between the peak DF/F0 and the amount of 

photoconversion. This could be due to calcium-buffering of two calcium indicators in a single neuron. 

n=2 cells, 76 synapses 
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List of abbreviations 

2PLSM    two-photon laser scanning microscopy 

ABC     ATP-binding cassette 

ACSF    artificial cerebral spinal fluid 

ADP     adenosine diphosphate 

AMP     adenosine monophosphate 

AP    action potential 

AOB    accessory olfactory bulb 

ATP    adenosine triphosphate 

BBB     blood-brain-barrier 

CA    Cornu Ammonis 

CaMPARI   calcium-modulated photoactivatable ratiometric integrator 

CBA    (4-Chloro-2-[[2-(2-chlorophenoxy)acetyl] amino]benzoic acid) 

CCD     charge coupled device array detectors 

CNS    central nervous system 

DBX1    developing brain homeobox 1 

DISC     depolarization induced slow current 

EAE     experimental autoimmune encephalomyelitis 

EC50    half maximal effective concentration 

EPSP    excitatory postsynaptic potential 

ER     endoplasmic reticulum 

FFA     flufenamic acid 

FP     fluorescent protein 

FRET    Förster resonance energy transfer 

GABA    γ-aminobutyric acid 

GECI    genetically encoded calcium indicator 

GFP    green fluorescent protein 

GPCR    G-protein coupled receptor 

GrC     granule cell 

hERG    human ether-a-go-go related gene 

IC50    half maximal inhibitory concentration 

ICAN     calcium-activated nonselective cation current 

IEG     immediate early gene 

IP3    Inositol trisphosphate 

KATP     ATP-sensitive K+ channel 

Kir6.2    inward-rectifier potassium channel  

LTP    long term potentiation 

MOG     myelin-oligodendrocyte glycoprotein 

mGluR    metabotropic glutamate receptor 

MS     Multiple sclerosis 

NMDA    N-methyl-D-aspartic acid 
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NSCCa     non-selective cation current of the Ca2+-activated type 

NSAID     non-steroidal anti-inflammatory drug  

PIP2    phosphatidylinositol 4,5-bisphosphate 

PF    persistent firing 

PKC    protein kinase-C 

PLC    phospholipase C  

preBötC   preBötzinger Complex 

preSynTagMA   synaptophysin-CaMPARI2  

postSynTagMA   PSD95.FingR-CaMPARI2 

PSD    postsynaptic density 

rsCaMPARI    reversibly switching CaMPARI 

sADP     slow afterdepolarization  

SNc     substantia nigra pars compacta 

SNr     substantia nigra pars reticulata 

SK     small-conductance calcium-activated K+ 

SUR1    sulfonylurea receptor 

SynTagMA   synaptic tag for mapping activity 

sypCaMPARI   synaptophysin-CaMPARI1 

TM    transmembrane 

TMEM16A   Transmembrane member 16A 

TRP    transient receptor potential 

TRPA    transient receptor potential ankyrin 

TRPC    transient receptor potential canonical 

TRPM    transient receptor potential melastatin 

TRPML    transient receptor potential mucolipin 

TRPP    transient receptor potential polycystin 

TRPV    transient receptor potential vanilloid 

TRN     thalamic reticular nucleus 

VGCC    voltage-gated calcium channel 

VNO     the vomeronasal  

VSN    vomeronasal sensory neuron 
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