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1. Abstract 

Chloride ions (Cl⁻) are key regulators of neuronal excitability and inhibitory signalling. 

Despite their central role in GABAergic transmission, the mechanisms controlling 

intracellular chloride concentration ([Cl⁻]ᵢ) and its temporal dynamics remain poorly 

understood. This thesis investigates how [Cl⁻]ᵢ varies across physiological and 

behavioural states, how these fluctuations are regulated, and their functional 

consequences for brain activity. 

During my PhD, I focused on improving the quantitative and dynamic measurement of 

[Cl⁻]ᵢ in vivo. I first employed LSSmClopHensor, a dual pH/Cl⁻ fluorescent sensor, to 

measure absolute changes in neuronal [Cl⁻]ᵢ under different conditions. I then contributed 

to the development and characterization of iClima, a genetically encoded chloride sensor 

optimized for stable and accurate measurements both in vitro and in vivo. Compared with 

previous indicators, iClima exhibits reduced pH sensitivity within the physiological range 

and enhanced chloride affinity, enabling detection of subtle [Cl⁻]ᵢ fluctuations that were 

previously inaccessible. 

Using LSSmClopHensor in combination with electrophysiological recordings and 

behavioural paradigms, I investigated the mechanisms underlying diurnal [Cl⁻]ᵢ 

fluctuations and their coupling to sleep–wake history. I found that seizure susceptibility 

follows a diurnal pattern, peaking when intracellular chloride is high, and that reducing 

[Cl⁻]ᵢ prevents seizure occurrence, linking chloride dynamics to network excitability and 

epileptiform activity. iClima enabled chloride imaging in human cell lines, revealing 

circadian oscillations of [Cl⁻]ᵢ and suggesting that rhythmic ionic regulation is a conserved 

cellular feature. During epileptic events, iClima captured rapid chloride accumulation and 

subsequent recovery, providing unprecedented temporal resolution of chloride dynamics. 

Furthermore, iClima allowed the visualization of physiological chloride responses in 

cortical pyramidal neurons following visual stimulation and movement, reflecting inhibitory 

synaptic activity—signals that were undetectable with previous sensors. This represents, 

to date, the first demonstration of this type. 

Together, these results demonstrate that chloride is not merely a passive ion but an active 

regulator of neuronal physiology. Understanding chloride dynamics is essential to 

comprehend how cells regulate their function and adapt to changing conditions. iClima 

represents a major advancement in optical tools for chloride imaging, offering the 

sensitivity and stability necessary to quantify chloride fluctuations even at subcellular 

resolution. Yet, the exploration of chloride physiology is still at its dawn: the next 

generation of optical tools will uncover how this chloride shapes cellular functions, from 

basic signalling to the brain’s electrical and biochemical language.



 

8 
 

2. Introduction 

 

2.1 Chloride: a problematic measurement 

As the most abundant anion in the body, chloride plays a crucial role in physiology in all 

cell types. Chloride ion (Cl-) has extensively been studied as a homeostatic ion. Indeed, 

the plasma and extracellular Cl− concentration ([Cl−]o) maintain body fluid ionic content, 

volume homeostasis, and blood pressure. [Cl−]out is, therefore, maintained quite constant, 

except for some disease states. Unlike [Cl−]o, intracellular Cl− concentration ([Cl−]i) varies 

considerably between cell types and in response to cell stimulation. Resting [Cl−]i in 

epithelial cells is as high as 60 mM, while in neurons and skeletal muscle, it ranges from 

10 mM to 30 mM (Lüscher et al., 2020). While being important for the homeostasis of all 

the cell types, Cl− has gained attention largely due to its physiological role in synaptic 

inhibition in the central nervous system (CNS). As being the main driver of fast synaptic 

inhibitory responses induced by γ-aminobutyric acid (GABA) and glycine, Cl- has a role in 

hyperpolarizing cell, thus affecting the most important biophysical neural feature: their 

excitability. 

Beyond that, the idea that chloride is not only a passive component, but rather a signalling 

ion is getting relevant in the scientific field (Lüscher et al., 2020). This thought was first 

developed with the discovery of the direct chloride regulation of the WNK [With No lysine 

(K)] kinases pathway (Piala et al., 2014). Other observations support this this hypothesis, 

like the role of chloride in modulating gene expression (Okabe et al., 2003) or its regulation 

of channel activity (Bekar & Walz, 2002). Besides, the landscape of [Cl-]i could be less 

static than was historically thought. Recent studies highlighted how [Cl-]i is highly 

variegated and continuously changing (Alfonsa et al., 2023; Pracucci et al., 2021). This 

might be true not only at the level of individual neurons but also within subcellular domains 

as distinct dendritic branches. The existence of Cl- microdomains would add a new layer 

of complexity to dendritic computation. In this scenario, the landscape of [Cl-]i can only be 

evaluated by temporally resolved optical imaging in different cellular compartments 

(Lodovichi et al., 2022). 

For all this reasons, measuring [Cl-]i  had always been an important goal. Historically, [Cl-

]i has been assessed with patch clamp. By recording chloride-mediated current under 

voltage-clamp condition, the chloride reversal potential is determined and used to 

calculate [Cl-]i by using the Nernst equation. Although this technique continues to offer 

valuable insights in the field, it does have limitations: (a) the estimation of intracellular 

chloride based on the reversal potential is not entirely accurate, as GABAergic currents 

also include a bicarbonate component; (b) chloride levels inside the cell can be influenced 

by the composition of the pipette solution, unless a perforated patch configuration is used. 

This approach, however, typically involves higher and more variable access resistance; 

(c) determining the reversal potential of GABAergic currents in vivo is highly demanding 

and technically complex; (d) the technique is limited to a small number of cells and only 
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under relatively stable, non-dynamic conditions (Arosio & Ratto, 2014). The limited 

knowledge of specific chloride-binding sites in biological systems initially hindered 

progress in the study of intracellular chloride dynamics. As a result, early investigations 

relied on chemical sensors to monitor chloride levels. The discovery that yellow 

fluorescent protein (YFP) possesses a halide-binding site marked a turning point, enabling 

the development of genetically encoded chloride indicators and significantly advancing 

this field. Below, an overview of the main techniques that have been employed over the 

years to study intracellular chloride is provided. 

 

2.1.1  Chemical sensors  

The earliest attempts to monitor [Cl-]i relied on synthetic fluorescent dyes, particularly 

quinolinium-based probes such as SPQ (6-methoxy-N-(3-sulfopropyl)quinolinium) (Illsley 

& Verkman, 1987), MQAE (N-(ethoxycarbonylmethyl)-6-methoxyquinolinium) (Verkman et 

al., 1989), and MEQ (6-methoxy-N-ethylquinolinium) (Krapf et al., 1988), a derivative of 

the fluorophore 6-methoxyquinoline (MQ) (Figure 1a). These dyes operate via dynamic 

collisional quenching: when excited, the fluorophore returns to its ground state through 

non-radiative energy transfer upon collision with chloride ions, leading to decreased 

fluorescence intensity in high [Cl⁻] environments (Zajac et al., 2020). These indicators 

were advantageous because they are insensitive to pH and bicarbonate, exhibited rapid 

kinetics in the microsecond range, and provided direct, real-time fluorescence responses 

to changes in [Cl-]i. However, they were also limited by major drawbacks. Primarily, they 

were non-ratiometric, meaning the fluorescence signal was affected not only by [Cl-]i but 

also by dye loading efficiency making quantitative interpretation difficult (Inglefield & 

Schwartz-Bloom, 1999). Additional limitations included photobleaching, self-quenching at 

high dye concentrations (Geddes et al., 2001; Kaneko et al., 2004), and limited membrane 

permeability, as in the case of MEQ, which required chemical reduction to a permeable 

form (diHMEQ) prior to cellular uptake (Ashton et al., 2015). 

To improve quantitative reliability, efforts were made to develop ratiometric chloride 

indicators by chemically coupling a Cl⁻-sensitive part to a Cl⁻-insensitive reference 

fluorophore. A foundational example is bis-DMXPQ, which links SPQ to 6-

aminoquinolinium (AQ) via a rigid spacer, enabling ratiometric readout (Jayaraman et al., 

1999). Similar probes were constructed by pairing MQ with various Cl⁻-insensitive 

chromophores, such as aminofluorescein (AF), dansyl (DS), and naphthalic anhydride 

(NA), providing spectral separation for normalization. Despite this innovation, these 

ratiometric sensors often suffered from low signal-to-noise ratios, self-quenching, and 

batch variability, due to challenges in controlling conjugation stoichiometry (Biwersi et al., 

1994). To improve this, a more advanced strategy to address these issues was introduced 

with Clensor, a DNA-based ratiometric indicator that integrates a Cl⁻-sensitive dye (BAC) 

on one DNA strand and a reference fluorophore (Alexa Fluor 647) on the complementary 

strand (Figure 1b). This design ensures a defined 1:1 stoichiometry and allows quantitative 

[Cl-]i mapping over the full physiological range (Saha et al., 2015). Of course, the small-

molecule conjugates still suffer from photobleaching of the photolabile BAC dye. 
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However, chemical chloride indicators suffer from important limitations, including the 

inability to be genetically targeted to specific cell types or subcellular compartments, 

susceptibility to photobleaching, variability in dye loading and distribution, and, in most 

cases, the lack of ratiometric readout, which hampers accurate quantification (Arosio & 

Ratto, 2014). 

 

 

Figure 1: Structure of chemical chloride sensors. a) Examples of small-molecule sensors 

based on the quinoline core (blue). Ratiometric reporters conjugate the Cl−-sensitive MQ (blue) to 

a Cl−-insensitive fluorophore (R). b) Clensor uses the stoichiometry between complementary 

nucleic acid strands conjugated to the Cl−-sensitive BAC (blue diamond) and Cl−-insensitive 

AF647 (red circle) to obtain a ratiometric readout (AF647/BAC, or red/blue). Figure adapted form 

Zajac et al., 2020. 

 

 

2.1.2  Genetically encoded sensors 

The discovery that the fluorescence of YFP is sensitive to halide ions marked a pivotal 

moment in chloride imaging. In particular, Wachter & James Remington (1999) observed 

that YFP’s fluorescence was quenched in the presence of chloride and nitrate, opening 

the way for the development of genetically encoded chloride sensors (GECS) suitable for 

in vivo imaging. The initial sensor was YFP-H148Q, a mutant with improved halide binding 

due to the introduction of a halide-binding site near the chromophore. This variant 

significantly increased chloride affinity, lowering the dissociation constant for chloride (Kd) 

from ~777 mM in wild-type YFP to ~154 mM (Wachter et al., 2000). Further optimization 

led to YFP-H148Q-I152L, which brought the Kd down to 88 mM, a value approaching the 

physiological intracellular chloride range (4–60 mM), making it usable for studying chloride 

dynamics in neurons (Galietta et al., 2001). Although these first-generation indicators were 

not ratiometric, they offered superior photostability, longer excitation wavelengths, and 

genetic targetability, allowing for cell-type specific and subcellular localization, clear 

advantages over small-molecule dyes (Arosio & Ratto, 2014). 

A key limitation of early GECS was the lack of a chloride-insensitive reference signal, 

which made quantification prone to artifacts. This was addressed by the development of 

Clomeleon, a ratiometric FRET-based sensor composed of cyan fluorescent protein (CFP) 

as donor and a chloride-sensitive YFP variant ("Topaz") as acceptor, linked by a flexible 
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peptide (Kuner & Augustine, 2000). Upon chloride binding, YFP fluorescence was 

quenched, reducing FRET efficiency. The emission ratio of YFP to CFP allowed a 

ratiometric readout. However, Clomeleon suffers from suboptimal chloride affinity: its Kd 

ranges from 87 to 167 mM, depending on pH, making it unsuitable for precise 

quantification in physiological [Cl⁻]ᵢ  (Kuner & Augustine, 2000). Additionally, it showed a 

strong dependence on intracellular pH, limiting its utility. To improve this, a library of 

Clomeleon variants was screened, leading to SuperClomeleon, which showed a markedly 

better affinity (Kd ≈ 21 mM at pH 7.1) and improved signal-to-noise ratio thanks to a 

brighter donor (Cerulean) and optimized linker length (Grimley et al., 2013). 

All YFP-based GECS suffer from some degree of pH sensitivity. The chloride binding site 

is positioned close to the chromophore, and this proximity causes a coupling between 

chromophore protonation and chloride binding. When the pH is low, the chromophore 

exists predominantly in its protonated form, which interacts more readily with chloride ions, 

increasing quenching efficiency. Therefore, the apparent Kd for chloride decreases at 

lower pH, reflecting this enhanced binding, and rises at higher pH values, where the 

chromophore is predominantly deprotonated (Arosio & Ratto, 2014; Grimley et al., 2013). 

For example, SuperClomeleon shows an acid dissociation constant (pKa) of ~6.4, 

meaning that even small variations in physiological pH (e.g., from 7.0 to 7.2) can cause 

substantial errors in [Cl⁻]ᵢ estimation. This represents a critical limitation, especially in 

dynamic physiological or pathological contexts where pH fluctuates (e.g., seizures or 

ischemia). 

To address the issue of pH interference, Arosio et al., (2010) developed ClopHensor, a 

dual sensor that combines a chloride-sensitive variant of EGFP (E2GFP-T203Y) with a 

red chloride- and pH-insensitive reference fluorophore (DsRed-monomer). ClopHensor 

allows simultaneous measurement of intracellular chloride and pH, using excitation at 

multiple wavelengths (458, 488, 560 nm) and two emission channels. This configuration 

provides the ability to internally calibrate Kd values for each measurement based on the 

pH, thereby distinguishing the Cl⁻ and pH components. Further improvements led to 

LSSmClopHensor, where the red fluorophore is replaced by LSSmKate2, a long-Stokes-

shift protein. This variant allows better separation of excitation/emission spectra and 

enhanced performance in two-photon microscopy and in vivo imaging (Paredes et al., 

2016). 

Recently, turn-on GECS (e.g., phiYFP, lanYFP-derived mNeonGreen) have also emerged. 

These proteins increase their fluorescence upon Cl⁻ binding, contrary to traditional 

quenching-based mechanisms (Clavel et al., 2016; Tutol, Kam, et al., 2019; Tutol, Peng, 

et al., 2019). While still under development, they may offer higher dynamic range, more 

robust signal interpretation, together with a slower bleaching rate when low chloride is 

present. Moreover, continued research in this field could lead to the identification of novel 

chloride-binding sites, such as the one described in WNK kinases (Piala et al., 2014). 

These discoveries may inspire the rational design of next-generation chloride sensors with 

improved specificity and functionality. Efforts also continue to produce sensors with 

improved pH-independence, subcellular targeting, and response kinetics suitable for 

monitoring fast Cl⁻ transients during synaptic activity (Lodovichi et al., 2022). 
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Figure 2: Features of some published GECS. Representation of the properties of ratiometric GECS. 

Thermodynamic parameters refer to recombinant protein characterization in vitro; chloride Kd refers to 

physiological pH and multiple points indicate multiple published values. The presence of multiple points in the 

excitation or emission peaks reflects whether the sensor is ratiometric in excitation or emission, or the 

presence of additional channels for intrinsic pH correction. Adapted from Lodovichi et al., 2022. 

 

2.1.3  LSSmClopHensor 

LSSmClopHensor is a genetically encoded sensor of pH and Chloride. It is composed by 

two fluorescent proteins that are translated together thanks to the presence of a protein-

linker sequence (Figure 3a). This allows the correct 1:1 stoichiometry of the two proteins 

thus consenting the ratiometric analysis of the two. The sensor is composed by a chloride 

sensitive green fluorescent protein, the E2GFP, and a chloride insensitive red fluorescent 

protein, the LSSmKate2. The latter’s choice was justified by the large distance between 

excitation and emission maxima that could allow the ratiometric operation using a single 

excitation wavelength that is optimal for both the green and the red protein (Paredes et 

al., 2016). However, as described in the previous section, the green fluorescent protein 

results to be both dependent on pH and Cl-. In particular, previous studies on E2GFP have 

shown that changes in pH affect its excitation spectrum (Figure 3b), while chloride ions 

suppress its fluorescence through a process known as static quenching (Figure 3c-d). 

The chromophore can be both in a protonated or unprotonated form and, as reported 

above, this let the chloride Kd depends on pH. LSSmClopHensor was reported to have a 

pKa of 6.67 ± 0.05 at 36°C and an apparent Kd of 56.47 mM at pH 7.2. 

The protonated and deprotonated forms of the chromophore have a shifted excitation 

spectrum, and the measured spectrum is the weighted sum of their contributions. The two 

spectra intersect in the so-called isosbestic point. At that specific wavelength, the 

excitation coefficients of the two states are equal, and therefore the overall excitation 

efficiency remains constant regardless of the relative population of the states. Specifically, 

the protonated form of the E2GFP chromophore absorbs (and is excited) maximally at 830 

nm and the deprotonated form at 960 nm, their excitation spectra intersect at ~910 nm (at 

2-photon, Figure 3b). At this wavelength the excitation coefficients are identical, and 

therefore the total excitation is independent of the protonation state. Consequently, the 

isosbestic point provides a reference that is insensitive to shifts in the protonation 

equilibrium, making it a powerful internal control in ratiometric sensors. In 

LSSmClopHensor, performing the imaging at the isosbestic point is the best alternative to 

minimize the effect of pH shift. Indeed, when a pH shift occurs while imaging at the 
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isosbestic point, the change in the emitted green fluorescence is just attributable to a shift 

in the apparent Kd, without the additional change of the shit of the excitation spectrum. 

Thus, imaging at the isosbestic point enhance the accuracy of quantitative imaging (Arosio 

et al., 2010). 

 

Figure 3: Characteristics of LSSmClopHensor. a) Schematic representation of LSSmClopHensor. b) 

Excitation spectra of the E2GFP at different levels of pH at 24°C. Data have been corrected for Bleedthrough 

and normalized using the peak of the LSSmKate2 emission. The non-labelled spectra of E2GFP have been 

obtained at pH 6.4, 6.8, 6.9, 7.1, 7.2, 7.4, and 7.6. c) LSSmClopHensor emission spectra at the [Cl] values of 

0, 10, 25, 50, 75, 100, 250, 500 and 1000 mM; excitation wavelength set at 458 nm, the isosbestic point, pH 

= 6.5 and temperature at 37°C. The arrow indicates increases in the [Cl]. d) Chloride ratio values (green/red) 

corresponding to the data and spectral ranges reported in c. Figure adapted from Paredes et al., 2016 and 

Sulis Sato et al., 2017. 

 

2.1.4  Different ways of measuring intracellular chloride 

Chloride indicators can be used in two distinct modalities, which differ both in technical 

demands and in the type of information obtained. The more straightforward approach is 

to monitor the temporal profile of chloride transients in a semi-quantitative fashion, for 

instance during neuronal signalling when GABAergic receptors are activated. A more 

elaborate strategy, however, involves determining the absolute [Cl⁻]ᵢ. This requires 

rigorous calibration, in which measured fluorescent signals are compared against 
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reference datasets obtained across defined ranges of [Cl⁻]ᵢ and pH (Lodovichi et al., 2022; 

Sulis Sato et al., 2017). 

2.1.4.1  Measuring chloride relative changes 

The most straightforward approach of measuring chloride relative changes is suitable 

when the main goal is to follow changes in [Cl⁻]ᵢ over time, assuming that intracellular pH 

remains relatively stable. Under these conditions, it is often adequate to measure the 

relative variation in fluorescence intensity as a function of time. This strategy is very similar 

to calcium imaging, where transient dynamics are typically expressed as the fractional 

change in fluorescence relative to the baseline signal (Lodovichi et al., 2022). These 

measurements result very useful when knowing the exact concentration of the ion is not 

important. In particular, you can measure at the relative percentage ratio variation 

compared to the baseline as follows: 

 

(Eq. 1) 𝛥𝑅/𝑅 = (
𝑅(𝑡) − 𝑅𝑏

𝑅𝑏
) × 100 

 

Where R(t) is the Green over Red ratio at each timepoint; and Rb is the Green over Red 

ratio in the baseline time frame. In particular, 𝛥𝑅/𝑅 is related to chloride concentration as 

follows: 

 

(Eq. 2) 𝛥𝑅/𝑅 =  −
𝛥𝐶𝑙

(𝐶𝑙 +  𝐾𝑑(𝑝𝐻))
 

 

Meaning that the change in 𝛥𝑅/𝑅 is proportional to the change in chloride concentration. 

Thus, 𝛥𝑅/𝑅 is a semi-quantitative estimate of time- resolved Cl- changes even if the 

acquisition system allows only a single excitation wavelength. This remains true just in the 

case that no changes are expected in intracellular pH, because in this way the only 

determinant of fluorescence variation would be chloride. This analytical approach may be 

exploited in a variety of contexts where it is important to evaluate the time course of Cl- 

changes by means of confocal microscopy, wide field microscopy or even by means of 

intravital optic fibers. It is possible that in the future more study will exploit this imaging 

modality, especially if a pH-insensitive Cl- sensor will be generated (Lodovichi et al., 2022). 

Of course, applying this kind of calculation to data acquired at the isosbestic point 

minimizes the influence of pH changes, even in pH-sensitive sensors because it deletes 

the influence of pH in the excitation spectra. In this way, only the influence of the apparent 

Kd on pH remains. 

 

2.1.4.2  Measuring chloride absolute concentration 

Measuring absolute chloride concentration was the most used method historically despite 

being quite time consuming. Calculating absolute chloride values requires rigorous 
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calibrations, to which we can compare the measured data. This method relies on the fact 

that chloride sensor of the kind of LSSmClopHensor have a chromophore that can be in 

two protonated states as follows:  

 

Figure 4: Simplified equilibrium of LSSmClopHensor species. Above, schematic representation of the 

equilibrium between the possible LSSmClopHensor states. Below, the biochemical equilibrium that is 

established in presence of protons and Cl- ions. 

 

Where Ka and Kd are the acidic dissociation constant and the dissociation constant for Cl-

respectively. As reported above, Cl- can better access its interaction site when the 

chromophore is protonated. In this way, the apparent chloride Kd depends on pH, because 

chloride binds only to protonated E2GFP. Thus, calibrations are crucial to determine the 

Ka and Kd of the sensor, so that to measure the absolute chloride concentration. 

Theoretically, one can calculate [𝐶𝑙] form a sensor of the kind of LSSmClopHensor as in 

(Sulis Sato et al., 2017), following this equation: 

(Eq. 3) [𝐶𝑙] = 𝐾𝑑
𝐶𝑙(𝑝𝐻) (

𝑅0

𝑅(𝐶𝑙)
− 1) 

 

Where 𝐾𝑑
𝐶𝑙(𝑝𝐻) (often referred as Kd’) is the apparent Cl affinity at the cell’s pH; R0 is the 

ratio between the fluorescence measured in the Green and Red channels in zero chloride 

when excited at the isosbestic point; and R(Cl) is the fluorescence ratio measured during 

the experiment. As explained, 𝐾𝑑  is the dissociation constant of the protonated form of the 

sensor, as illustrated by the equilibrium in Figure 4. Trivially enough, a single molecule of 

the sensor can just be in a protonated or unprotonated form. However, while imaging we 

collect fluorescence from a pool of molecules inside the point spread function (PSF), 

where the protonated and deprotonated forms of the sensor coexist with proportions 

depending on the pH and the pKa. Consequently, within a PSF, a fraction of the sensor 

molecules will be in the protonated, Cl⁻-sensitive form, while the remaining fraction will be 

deprotonated and therefore insensitive to chloride. The overall green fluorescence signal 

thus represents the sum of two components: the unprotonated (Cl⁻-insensitive) sensors, 

which cannot be quenched, and the fraction of protonated, Cl⁻-sensitive sensors that 

quenches in the presence of chloride (that is, the basis of 𝐾𝑑 the definition). Measuring 

fluorescence at the isosbestic excitation wavelength, we cannot tell apart the 

deprotonated from the protonated unquenched species, which both sum up in the green 

channel. To measure quenching, we compare the green/red fluorescence ratio in 

presence of Cl- with the green/red ratio in absence of Cl-. However, the green signal is 
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influenced by both protonated and unprotonated species, so that the presence of 

additional green fluorescence coming from the unprotonated (and therefore 

unquenchable) form makes the sensor appear less sensitive to chloride. As a result, Kd’ 

(the apparent 𝐾𝑑) that can be measured is shifted toward higher chloride concentrations 

compared to the true value. Notable, the fraction of deprotonated, non-quenchable protein 

depends on pH, which is the reason why Kd’ is a function on pH. In principle, the true 𝐾𝑑 

could only be measured under conditions where the pH is extremely lower than the pKa, 

so that all the sensor molecules are protonated. 𝐾𝑑
𝐶𝑙(𝑝𝐻) (or Kd’) can be defined as follows:  

(Eq. 4) 𝐾𝑑
𝐶𝑙(𝑝𝐻) =  𝐾𝑑  (10𝑝𝐻−𝑝𝐾𝑎 + 1) 

 

Then calculating [Cl] is defined as: 

(Eq. 5) [𝐶𝑙] = 𝐾𝑑  (10𝑝𝐻−𝑝𝐾𝑎 + 1) (
𝑅0

𝑅(𝐶𝑙)
− 1) 

 

The equation explains that, in order to calculate the absolute chloride concentration, we 

need to know the pH of the cells, and few parameters of the sensor: pKa, Kd and R0. Kd 

and the R0 can be extracted by fitting the R(Cl) obtained during the process of calibrations 

with the following equation:  

(Eq. 6) 
𝑅(Cl) =

𝑅0

1 +
[Cl]
𝐾𝑑

 
 

 

In practice, obtaining chloride estimates form an experimental data requires to calculate 

the R(Cl). However, the measured green and red signals cannot be used directly, but they 

require a series of corrections to account for optical and spectral artifacts that would 

otherwise bias the measurement. These corrections must be applied in a specific order, 

which reflects the hierarchy of effects acting on the recorded signal: 

1) Dark subtraction 

to correct for the baseline offset introduced by the detector’s electronic noise. This 

step removes the background signal measured in the absence of excitation light, 

ensuring that only the true fluorescence emission contributes to the recorded 

intensity values.  

 

2) Detectors gain correction   

to compensate for variations in the relative sensitivity of the green and red 

detectors (e.g. photomultiplier tubes) between the day of the experiment and the 

day of calibrations. 

 

3) Depth-dependent emission-path extinction correction  

to correct for scattering and absorption of emitted photons. 
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4) Spectral bleed-through (BT) correction 

to remove signal contamination between channels due to the overlap of the 

emission spectra and thus the imperfect spectral separation operated by the 

emission filters. 

 

5) Compensation for excitation intensity 

To deal with possible differential excitation intensities of the different excitation 

wavelengths.  

Notably, these corrections are particularly important in the context of in vivo experiments, 

where the tissue introduces strong light scattering and absorption. Without proper 

correction, the measured R(Cl) would largely reflect these optical artifacts rather than 

genuine chloride-dependent changes, resulting in inaccurate estimates of intracellular 

chloride concentration. By contrast, in in vitro measurements, such as those performed 

during calibrations, some corrections may be less critical. For example, emission 

extinction is minimized, while there is still the need of BT correction (Sulis Sato et al., 

2017). 

The very first correction that must be applied to the data is the dark subtraction. The 

baseline offset of the detectors, known as the dark signal, can be estimated by acquiring 

several frames while the sample is not illuminated, that is, with the laser turned off. For 

each detector, the average value of these dark frames is calculated, representing the 

intrinsic noise contribution of the system. This average value is then subtracted from all 

the subsequent images to remove noise and obtain a more accurate and reliable 

representation of the actual signal. 

After that, the signal needs to compensate for any relative gain change of the 

photomultiplier tubes (PMTs) between the day of calibration and the day of the experiment. 

Over time, the relative sensitivity of the two PMTs (green vs. red channel) may drift, which 

would introduce a systematic error into the ratiometric measurements if left uncorrected. 

To compensate for this effect, a reference measurement is performed using a uniform 

solution of a fluorophore with a known and stable emission spectrum, for example 

Rhodamine 6G at a concentration of 10 μM. A small imaging chamber is filled with this 

solution, and imaging is performed at a fixed depth (e.g., z=100 μm) under identical 

excitation and detection settings. This procedure is carried out both on the calibration day 

and on the experimental day. From each measurement, the ratio of green to red intensities 

is extracted, and a conversion factor (FPMT) is then defined as: 

𝐹𝑃𝑀𝑇 ≝
(𝐺/𝑅)𝐶𝑎𝑙

(𝐺/𝑅)𝐸𝑥𝑝
 

Where (𝐺/𝑅)𝐶𝑎𝑙  and (𝐺/𝑅)𝐸𝑥𝑝 represent the ratio measured on the calibration and 

experimental day respectively. FPMT quantifies how much the relative gain of the green 

channel has changed with respect to the red channel during time. The green signal from 

the experiment is then corrected as: 

𝐺𝐶𝑜𝑟𝑟 =  𝐺𝐸𝑥𝑝 𝐹𝑃𝑀𝑇 

For instance, if the green PMT deteriorates faster than the red, FPMT becomes higher than 

1, and correct the green experimental value. This correction ensures that all subsequent 
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analyses are performed on data that are normalized for PMT gain variations, thereby 

eliminating a significant potential source of systematic error. 

Another essential preprocessing step is the correction for emission extinction of the 

emitted photons. Imaging deeper into the tissue leads to differential attenuation of the 

detected fluorescence in the two spectral channels, resulting in a systematic distortion of 

the ratiometric signal. This correction must be applied before bleed-through subtraction, 

because the relative attenuation of green and red emission with depth would otherwise 

bias the estimation of cross-talk. The depth dependence needs to be empirically 

determined, and for our setup it was previously calculated using YFP-expressing neurons 

as in (Sulis Sato et al., 2017):  

𝛾(𝑧) = {
1, 𝑧 < 32 µ𝑚

0.974 +  8.17 10−4 𝑧, 𝑧 ≥ 32 µ𝑚
 

Then, the fluorescence is corrected as:  

(Eq. 7) 𝐺(𝑧)  =  𝐺𝐶𝑜𝑟𝑟 (𝑧) 𝛾(𝑧)                 𝑅 (𝑧) =  𝑅(𝑧) 

 

That is, only the green signal is scaled by the depth-dependent factor, while the red signal 

is left unchanged. The exact coefficients may vary across different optical configurations 

due to different spectral bandwidths of the emission filters or change when using different 

objectives. 

Fluorescence emitted by one fluorophore (e.g., E2GFP) is partly detected in the other 

channel (e.g., red channel) due to overlap of the emission spectra. This artifact is defined 

as bleed-through and directly affects the signal recorded by the detectors. If we define the 

channel 1 (Ch1) as the green detection channel, and channel 2 (Ch2) as the red detection 

channel, the BT coefficients are: 

(Eq. 8) 𝛼 ≝  
𝑅𝐶ℎ1

𝑅𝐶ℎ2
 

 

(Eq. 9) 𝛽 ≝  
𝐺𝐶ℎ2

𝐺𝐶ℎ1
 

 

Where 𝛼 indicates the amount of red that bleeds through the green channel, and 𝛽 the 

amount of green that bleeds through the red channel, while R and G here indicate the 

fluorescence emitted from the red and green protein, respectively. These two parameters 

can be experimentally quantified using single-fluorophore controls. Importantly, 𝛼  and 𝛽 

needs to be re-defined for different setups, as they depend on emission filters and relative 

gain of the detectors. The overall fluorescence detected will then be: 

(Eq. 10) {
𝐶ℎ1 =   𝐺∗  +  𝛼 𝑅∗

𝐶ℎ2 =  𝛽 𝐺∗  + 𝑅∗  

 

Where G* indicates the signal due to the photons emitted by the green protein and 

detected in Ch1, while R* indicates red emitted photons detected in the Ch2. When in vivo 
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imaging is performed, Ch1 and Ch2 represent the green and red values obtained with 

Eq.7. Thus, the G* and R* are corrected for the BT as follow: 

(Eq. 11) 𝐺∗  =   
𝐶ℎ1 −  𝛼 𝐶ℎ2

1 + 𝛼𝛽
 

 

(Eq. 12) 𝑅∗ =
𝐶ℎ2 −  𝛽 𝐶ℎ1

1 + 𝛼𝛽
  

 

Lastly, the excitation correction needs to be performed. After performing calibrations, the 

reference excitation spectra of the red protein under controlled conditions was obtained 

(𝑆𝑅
𝐶𝑎𝑙(𝜆)). To correct for depth-dependent excitation scattering in the experimental data 

and for non-constant excitation intensities, the red excitation spectra recorded on the 

experimental day (𝑆𝑅
𝐸𝑥𝑝

(𝜆)) is compared with the calibration spectra, as follows: 

(Eq. 13) 𝑓(𝜆) =  
𝑆𝑅

𝐶𝑎𝑙(𝜆)

𝑆𝑅
𝐸𝑥𝑝

(𝜆)
 

 

where 𝑓(𝜆) being a wavelength-dependent conversion factor. The red spectra is not 

affected by pH and Cl-. Thus, any divergence between the red spectra obtained in the 

experimental day and the calibration day must be caused by a wavelength-dependent 

loss of excitation. In this way, we can apply the conversion factor to the green and red 

experimentally obtained spectra as follows: 

𝐺′ (𝜆) = 𝐺∗(𝜆) 𝑓(𝜆) 

𝑅′ (𝜆) = 𝑅∗(𝜆) 𝑓(𝜆) 

It is worth noting that 𝑅∗(𝜆) equals 𝑆𝑅
𝐸𝑥𝑝

(𝜆), thus 𝑅′ (𝜆) becomes the red spectra of the 

calibration day (i.e. 𝑆𝑅
𝐶𝑎𝑙(𝜆)), but the green spectra follows the same kind of correction. 

Alternatively, after BT correction, one can rely on the Green/Red spectra for both pH and 

chloride computation, instead of relying on the individual green and red spectra. This is 

convenient because the ratio is already intrinsically corrected for excitation intensities. 

Only after having applied these corrections, it is possible to fit the pH, and eventually 

calculate chloride. To determine the intracellular pH, the measured green emission 

spectrum of each cell is expressed as a linear combination of two reference spectra 

(acquired during pH calibrations): one at acidic pH (e.g., pH 6, 𝐺𝑝𝐻𝑎) and one at basic pH 

(e.g., pH 8,  𝐺𝑝𝐻𝑏). Conceptually, the measured green spectrum (𝐺′𝑝𝐻(𝜆)) is fitted to: 

(Eq. 14) 𝐺′𝑝𝐻(𝜆)  =  𝛿 𝐺𝑝𝐻𝑎 + 𝜀 𝐺𝑝𝐻𝑏 

 

Where 𝛿 and 𝜀 are the coefficients that minimize the residual error between the measured 

and reconstructed spectra. Again, instead of green spectra, one can fit the Green/Red 

spectra as well.  The 𝜀 and 𝛿 coefficients are obtained analytically by solving the linear 

system defined by the two reference spectra as follows: 
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𝐷 = (∑ 𝐺𝑝𝐻𝑏
2 (λ)

λ

) (∑ 𝐺𝑝𝐻𝑎
2 (λ)

λ

) − (∑ 𝐺𝑝𝐻𝑎(λ)𝐺𝑝𝐻𝑏(λ)

λ

)

2

 

 

ε =
(∑ GpHa

2 (λ)λ )(∑ GpHb(λ)GpH
′ (λ)λ ) − (∑ GpHa(λ)GpHb(λ)λ )(∑ GpHa(λ)GpH

′ (λ)λ )

D
 

δ =
∑ GpHa(λ)GpH

′ (λ)λ − ε ∑ GpHa(λ)GpHb(λ)λ

∑ GpHa
2 (λ)λ

 

Note that the larger the number of sampled wavelengths (λ), the more reliable the fit 

becomes. In fact, the summations over λ can be regarded as discrete approximations of 

integrals, and therefore a higher spectral resolution improves the accuracy of the 

reconstruction. Missing intermediate wavelengths can often be interpolated without major 

issues, but it is crucial not to include wavelengths outside the range used for the 

calibration. Using spectral regions beyond the calibrated window would introduce 

systematic errors and compromise the validity of the analysis. 

Then, the ratio 𝜀/𝛿 is converted to an angle θ as: 

θ =  arctan (
𝜀

𝛿
) 

During the calibration process, excitation spectra at pHa and pHb can be obtained. Finding 

θ during calibration is crucial because it allows to fit a curve with the following free 

parameters: pKa, pHa and pHb. Thus, the value of pKa can be obtained with the following 

equation (unpublished data):  

(Eq. 15) θ =  arctan (
𝜀

𝛿
)   =  𝑎𝑟𝑐𝑡𝑎𝑛(−

10𝑝𝐻𝑎−𝑝𝐻 − 1

10𝑝𝐻𝑏−𝑝𝐻 − 1
∗

10𝑝𝐻𝑏−𝑝𝐾𝑎 + 1

10𝑝𝐻𝑎−𝑝𝐾𝑎 + 1
) 

 

Equation 15 can be then rearranged in order to find the pH dependency on 𝜃. This turns 

extremely useful in the experimental day, when pH needs to be calculated obtaining θ 

from the experimental data and knowing pKa: 

(Eq. 16) 𝑝𝐻(θ) = log10

tan θ 10𝑝𝐻𝑎+𝑝𝐻𝑏 + tan θ 10𝑝𝐻𝑏+𝑝𝐾𝑎 + 10𝑝𝐻𝑎+𝑝𝐻𝑏 + 10𝑝𝐻𝑎+𝑝𝐾𝑎

10𝑝𝐻𝑏 + 10𝑝𝐾𝑎 + tan θ 10𝑝𝐾𝑎 + tan θ 10𝑝𝐻𝑎
 

 

After having computed the pH, the chloride measure can finally be obtained by Eq. 5. 

 

2.2 The effect of intracellular chloride concentration in 

synaptic transmission 

GABA is the main inhibitory neurotransmitter of the central nervous system, and its fast 

action is primarily mediated by the ionotropic GABAA receptor. In inhibitory synaptic 

transmission mediated by GABAA, chloride ions play a central and dynamic role. Indeed, 

while textbooks often present GABA as a stable inhibitory effector in the adult cortex, the 
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actual effect of GABAA receptor activation is critically modulated by the chloride gradient 

across the neuronal membrane. In this section, we focus on how chloride concentration 

governs both the direction and magnitude of GABAergic currents, and thus the inhibitory 

(or even paradoxical excitatory) action of GABA. 

When GABA binds to the GABAA receptors, a conductance opens that is permeable to 

both chloride and bicarbonate ions (HCO₃⁻). However, GABAA is about four times more 

permeable to Cl⁻ than to HCO₃⁻, meaning that the chloride equilibrium largely determines 

the net current (Kaila & Voipio, 1987). Thus, knowing the equilibrium potential of chloride 

(VCl) is important to evaluate GABA’s impact on the cells (Doyon et al., 2016). VCl can be 

calculated by Nernst equation as follows: 

(Eq. 17) 𝑉𝐶𝑙 =  
𝑅𝑇

𝑧𝐹
𝑙𝑛

[𝐶𝑙−]𝑜

[𝐶𝑙−]𝑖
 

 

VCl is expressed in millivolt and depends on universal gas constant R (8.314 JK-1 mol-1), 

on the absolute temperature T (Kelvin), on the ion charge z, on the Faraday’s constant F 

(96.500 C mol-1), and on the intracellular and extracellular concentration of the ion, 

respectively [𝐶𝑙−]𝑖 and [𝐶𝑙−]𝑜. Changes in [𝐶𝑙]𝑖 shift 𝑉𝐶𝑙 and thereby influence the 

electrochemical driving force when the GABAA conductance opens. 

The net chloride current (ICl) generated upon the opening of chloride’s conductance is 

defined as follows: 

 

(Eq. 18) 𝐼𝐶𝑙 = 𝑔𝐶𝑙(𝑉𝑚 − 𝑉𝐶𝑙) 

 

The chloride conductance (𝑔𝐶𝑙) intuitively defines the capability of the cell to allow chloride 

ions’ flux. At the microscopic level, each open GABAA receptor channel can be modelled 

as a resistor with resistance 𝑟0, and its corresponding single-channel conductance is 

therefore 𝑔0 = 1/𝑟0. When 𝑁 such channels are open simultaneously, they behave 

electrically as resistors in parallel, resulting in an equivalent total conductance given by: 

𝑔𝐶𝑙 = 𝑁 ⋅ 𝑔0 

Thus, the macroscopic chloride conductance (𝑔𝐶𝑙) is proportional to the number of open 

GABAA receptors, linking microscopic channel properties to the overall chloride current 

measured at the cellular level. 𝑉𝑚 represents the membrane potential of the postsynaptic 

cell. The term (𝑉𝑚 − 𝑉𝐶𝑙) is known as the electrochemical driving force and describes the 

force that will be acting on Cl- ions after the chloride conductance opening. When VCl lies 

below Vm, GABAA receptor opening generates a positive current. Due to the negative 

charge owned by the Cl- ion, a positive current corresponds to an influx of Cl- ion into the 

neuron. On the other hand, if VCl lies above Vm a negative current will be induced, 

corresponding to an outward chloride flux (Kandel et al., 2021). 

Vm and VCl are the two parameters that influence the direction of chloride currents. Still, 

Vm of a typical neuron at rest is fixed around -65 mV. Thus, if we want to truly understand 

GABA’s effect, we need to address to VCl. Noteworthy, VCl is not a fixed parameter for all 
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the cells and depends on the intracellular concentration of chloride (Doyon et al., 2016). 

If [Cl-]i is low, this produces a more negative VCl value. As a result, a higher inward chloride 

flux of ions is generated, and the cell is hyperpolarized. Thus, low [Cl-]i implies cell 

inhibition mediated by GABA. On the contrary, as [Cl-]i increases, VCl becomes less 

negative and the driving force will produce an outward chloride current, depolarizing the 

cell. Thus, GABA induces depolarization in cells with a high chloride load. In literature, it 

has been reported that the adult pyramidal [Cl-]i is usually around 9 mM (Tyzio et al., 2006; 

Delpire & Staley, 2014). This low [Cl-]i fits with the view of GABA as an inhibitory 

neurotransmitter. However, different pieces of evidence showed [Cl-]i in pyramidal neurons 

is not static but dynamically regulated, thus modulating the strength and polarity of 

GABAergic signalling. Such variability, even within the inhibitory range, challenges the 

notion of a fixed inhibitory action of GABA and suggests a more flexible role in tuning 

neuronal excitability. 

 

2.2.1  NKCC1 and KCC2 regulate neural [Cl-]i 

What does account for the regulation of chloride levels in neurons? Cation-chloride 

cotransporters (CCCs) play a key role in intracellular Cl- control (Kaila, 1994). These 

transmembrane proteins co-transport ions without the generation of any net charge 

movement exploiting the energy of the cation gradient generated by Na+/K+-ATPase. The 

CCC family is composed of three broad groups: Na+–Cl- cotransporters (NCCs), Na+– K+–

2Cl- cotransporters (NKCCs) and K+– Cl- cotransporters (KCCs) (Payne et al., 2003). Two 

main cation-chloride cotransporters were identified that tightly controls the chloride 

gradient across neurons (Ben-Ari, 2002): NKCC1 is a chloride importer that raises [Cl-]i 

and [K+]i exploiting the gradient of sodium; KCC2 is instead a chloride extruder that lowers 

[Cl-]i exploiting potassium gradient (Figure 5a). KCC1, KCC3 and KCC4 have also been 

found in the nervous system, with a much more limited expression in neurons (Payne et 

al., 2003). As NKCC1 and KCC2 are the two main chloride regulators, their activity control 

is crucial in determining [Cl-]i. In a “typical” pyramidal neuron NKCC1 would reach 

equilibrium at relatively high intracellular chloride concentrations (60–70 mM under 

physiological ionic gradients), thus favouring chloride uptake, whereas KCC2 would 

equilibrate at low intracellular chloride levels (around 4–5 mM) that promote chloride 

extrusion (Blaesse et al., 2009; Russell, 2000). Importantly, protein phosphorylation is 

likely the predominant mechanism by which the dynamic modulation of CCC function 

takes place (Ben-Ari et al., 2012). Notably, NKCC1 activity is enhanced by 

phosphorylation of Thr203/Thr207/Thr212 (Flemmer et al., 2002; Zhang et al., 2016). 

KCC2 activity is enhanced by phosphorylation of Ser940 and inhibited by phosphorylation 

of Thr1007 (Lee et al., 2007; Leonzino et al., 2016; Rinehart et al., 2009).  

The activity of the chloride cotransporters NKCC1 and KCC2 is tightly regulated by the 

with-no-lysine kinase (WNK) signalling cascade, which acts as a central sensor and 

modulator of neuronal ionic homeostasis. WNK kinases are sensitive to intracellular 

chloride concentration and regulate cation-chloride cotransporters through 

phosphorylation cascades involving the downstream kinases SPAK and OSR1 (Piala et 

al., 2014). When intracellular chloride level is low, WNK1 and WNK3 become activated 

through autophosphorylation and subsequently phosphorylate SPAK and OSR1, which in 
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turn phosphorylate NKCC1 in Thr203/Thr207/Thr212 and KCC2 in Thr906 and Thr1007. 

This results in activation of NKCC1 and inhibition of KCC2, leading to a net chloride influx 

and an increase in intracellular chloride concentration (Figure 5b. Rinehart et al., 2009). 

Moreover, a recent work revealed that WNK1 senses Cl⁻ driven by inhibitory synaptic 

activity in mature neurons and rapidly modulates KCC2. Activation of GABAA receptors, 

which transiently increases intracellular chloride, confines KCC2 at the plasma 

membrane, whereas blockade of inhibitory transmission decreases [Cl⁻]i and enhances 

WNK1-mediated phosphorylation of KCC2, promoting its internalization. This mechanism 

provides a rapid homeostatic feedback loop by which GABAergic transmission 

dynamically adjusts neuronal chloride gradients and thereby the polarity and strength of 

inhibitory signalling (Heubl et al., 2017). 

At a broader cellular level, WNK kinases also act as sensors of molecular crowding and 

cell volume. Under hypertonic stress, WNK1 rapidly forms liquid-like condensates that 

activate the WNK–SPAK/OSR1 pathway, leading to differential regulation of CCCs: 

NKCC1 is phosphorylated and activated, whereas KCCs are phosphorylated and 

inhibited. These coordinated changes promote a net influx of Na⁺, K⁺, and Cl⁻ ions, driving 

osmotic water entry and restoring cell volume through the regulatory volume increase 

mechanism, a process that maintains both cell integrity and ionic homeostasis (Boyd-

Shiwarski et al., 2022). Together, these findings establish the WNK–SPAK/OSR1 pathway 

as a fundamental signalling module that integrates cell volume, intracellular chloride 

concentration, and synaptic activity to finely tune the balance between NKCC1 and KCC2 

function, maintaining chloride homeostasis and inhibitory neurotransmission in neurons 

Pharmacological approaches allow us to modulate the activity of these transporters. In 

particular, furosemide and bumetanide inhibit NKCC and KCC. While furosemide has 

about equal potency for both NKCC and KCC, bumetanide has ~500-fold greater affinity 

for NKCC than for KCC, and therefore low concentrations of bumetanide can be used to 

inhibit NKCC quite selectively (Payne et al., 2003). 

 

Figure 5: Mechanisms of chloride regulation. a) Schematic view of the activity of KCC2 and NKCC1 and 

their relationship to ATP consumption. Ion transport through these cotransporters is electroneutral. NKCC1 

acts as a chloride-importer while KCC2 extrude chloride ions from the cell. Adapted from Doyon et al., 2016. 

b) In low [Cl⁻]i, the WNK-SPAK/OSR1 pathway is activated and phosphorylates NKCC1 and KCCs, resulting 

in NKCC1activation and KCCs inhibition. This subsequently leads to influx of Na+, K+ and Cl− via NKCC1 
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along with water. On the contrary, high [Cl⁻]i inhibit autophosphorylation on WNK and the WNK-SPAK/OSR1 

pathway remains inactive. This results in NKCC1 inhibition and activation of KCCs, leading to KCC-mediated 

efflux of K+ and Cl− along with water. Adapted from Huang et al., 2019. 

 

2.2.2  The dual nature of GABAergic signalling 

As in adult neurons the VCl lies near the resting membrane potential, minor changes in 

[Cl-]i can significantly affect the strength and even polarity of GABA’s effect. The likelihood 

of action potential increases with depolarization and decreases with hyperpolarization. As 

previously described, low [Cl-]i facilitates GABA-mediated inhibition, whereas high [Cl-]i 

facilitates GABA-mediated excitation, recognized in literature as depolarizing GABA 

(Cherubini et al., 1991; Ben-Ari, 2002). If [Cl-]i exceeds about 20-25 mM, the GABAA 

opening depolarize the membrane potential of the cell toward the threshold potential for 

the activation of sodium channels (Staley et al., 1995). However, another condition is 

present in which GABA can depolarize and still inhibit target cells. This condition was 

named shunting inhibition and takes place when VCl is higher than Vm but lower than the 

action potential threshold (≈ -40 mV) (Stein & Nicoll, 2003). Indeed, completely excitatory 

action of GABA can be exerted just if the VCl is higher than the firing threshold of 

postsynaptic cells (Figure 6a). 

A physiological role of depolarizing GABA was found during development. Indeed, levels 

of [Cl-]i are relatively high in immature neurons and start to decrease during early 

development. Young neurons (<P12 in mice) accumulate Cl- through NKCC1, the 

dominant cation chloride cotransporter expressed at this stage, and maintain a high [Cl-]i, 

thus making GABAergic transmission depolarizing and excitatory (Rivera et al., 1999; 

Herstel et al., 2022; Yamada et al., 2004). This condition facilitates the generation of 

endogenous large-scale spontaneous activity characteristic of developing mammalian 

CNS structures, named as giant synaptic potential (Ben‐Ari et al., 1989; Ben-Ari, 2001). 

Indeed, this activity was seen in different regions of the brain of different animal species, 

from reptiles to primates, suggesting that this is a conserved feature of evolution (Ben-Ari 

et al., 2012). 

In mice, it was demonstrated that 12 days after birth there is a gradual upregulation in the 

expression of KCC2, with the simultaneous down-regulation of the NKCC1 (Figure 6b). 

This leads to a Cl- extrusion and a negative shift in the VCl beyond the resting membrane 

potential, resulting in a switch of GABA action from excitatory to inhibitory (Fiumelli & 

Woodin, 2007). Even though the shift of Cl- electrochemical gradient was a conserved 

phenomenon, there is considerable variation in the developmental time course of KCC2 

expression among brain structures both within a species and across species (Ben-Ari, 

2002). For instance, KCC2 expression in the human neocortex starts to increase at 40 

weeks after conception. 

Even though the role of depolarizing GABA is widely accepted in relation to development, 

far less is known about the possibility of physiological depolarizing activity of GABA in the 

adult. However, some physiological and pathological conditions were described in which 

GABAergic activity was observed to be depolarizing. Notably, all of them were caused by 

an increase of [Cl-]i and the consequent positive shift in the VCl. Even brief synaptic 
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stimulation can cause long-term synaptic plasticity at GABAergic synapses manifested by 

a depolarization shift of the reversal potential for GABA (Balena & Woodin, 2008). In 

addition, activity-induced depolarizing shifts in VCl have been observed after tetanic 

stimulation (Kaila et al., 1997), epileptic activity (Avoli, 1996; Kapur & Coulter, 1995; 

Rivera et al., 2004), correlated synaptic activity (Woodin et al., 2003), repeated 

postsynaptic spiking (Fiumelli et al., 2005), and application of BDNF (Wardle & Poo, 

2003).  

The study of depolarizing GABAergic activity is complicated by the fact that different 

neuronal classes exhibit highly variable intracellular chloride concentrations. For instance, 

a peculiar behaviour was observed in neurons of the suprachiasmatic nucleus (SCN) in 

which [Cl-]i was demonstrated to oscillate during the day (Wagner et al., 1997). This diurnal 

oscillation of SNC neurons includes high [Cl-]i during the day and low chloride 

concentration at night and were found in nocturnal animals as rats. For a long time, it was 

thought that this peculiar chloride fluctuation was restricted to SCN. Recent discoveries 

pointed out at a similar regulation in other brain areas. This topic will be extensively 

discussed in the next chapter. 

 

Figure 6: Chloride gradient determines GABAergic polarity a) Nernst potential for chloride ion according 

to its intracellular concentration value (assuming [Cl-]out = 140mM). Depending on [Cl-]i, GABA can induce 

hyperpolarization, shunting inhibition or depolarization of the post-synaptic cell. In this simplification we don’t 

consider the permeability of GABAA to bicarbonate, and we equate Vcl to GABAA reversal potential. Coloured 

areas depict the [Cl-]i ranges in which a Cl- flux mediated by GABAA
 opening exerts a hyperpolarizing (blue) 

or depolarizing (red) effect. Withe area depicts the shunting inhibition range. b) GABAergic activity is 

determined by the activity of two major chloride cotransporters. Early in the development, NKCC1 shows a 

higher activity, while it is later replaced by KCC2 (adapted form Ben-Ari et al., 2012). 

 

2.2.3  Diurnal chloride fluctuations: the scientific debate 

Whether intracellular ions fluctuate over the course of the day has only recently become 

a subject of scientific investigation. Early studies have begun to reveal that ionic 

homeostasis is not static but dynamically regulated across the 24-hour cycle. For 

instance, Feeney et al., (2016) first described circadian oscillations in intracellular 

magnesium and potassium in both human cells and unicellular algae, while Stangherlin 

et al., (2021) later demonstrated coordinated daily variations in Na⁺, K⁺, and Cl⁻ in 



PhD Thesis | Giacomo Pasquini 

26 
 

mammalian fibroblasts and cardiomyocytes. These findings established the principle that 

ion concentrations can follow a diurnal rhythm, although neither study directly examined 

chloride dynamics in neurons. 

Whether [Cl⁻]ᵢ oscillates in the mammalian cortex has been addressed only recently. Two 

independent studies have provided complementary data but, partly divergent, 

interpretations. Alfonsa et al., (2023) demonstrated that cortical pyramidal neurons exhibit 

diurnal shifts in the reversal potential for GABAA (EGABAA) receptors, reflecting higher [Cl⁻]ᵢ 

during the active (dark) period (Figure 7b). According to the study, these shifts depend on 

neuronal activity and NKCC1, suggesting that chloride accumulation is linked to cortical 

“use” and local sleep pressure rather than to intrinsic circadian timing. Also, Pracucci et 

al., (2023) reported in vivo imaging evidence of rhythmic chloride fluctuations in cortical 

neurons, showing, consistently with Alfonsa’s findings, an increase in [Cl⁻]ᵢ during the dark 

(active) period. However, because these oscillations persisted under constant light 

conditions, they interpreted them as intrinsic circadian rhythms driven by endogenous 

clocks rather than as a consequence of local cortical activity or sleep pressure (better 

explained in the result session 3.1). Despite their different viewpoints, both studies 

independently revealed that cortical [Cl⁻]ᵢ varies over the 24-h cycle, implying that 

neuronal inhibition, and hence excitability, changes across the day. In particular, the higher 

chloride levels during the night could make neurons more excitable. 

Further supporting the functional importance of these fluctuations, Alfonsa et al., (2025) 

demonstrated that sleep–wake-related changes in the EGABA regulate glutamatergic 

synaptic plasticity. During the active period, this higher GABA’s reversal potential 

facilitates long-term potentiation in cortical pyramidal neurons, linking chloride 

homeostasis to experience-dependent plasticity and learning. 

Interestingly, the rhythm observed in cortex contrasts with that found in the 

suprachiasmatic nucleus, namely the brain’s central circadian clock, where an opposite 

pattern was observed: daily shifts in GABAergic polarity in the SCN were first reported by 

Wagner et al., (1997), who showed that GABA transmission switches from depolarizing 

during the day to hyperpolarizing at night, implying rhythmic changes in intracellular 

chloride concentration. Building on this, more recent work using long-term ex-vivo imaging 

directly assessed intracellular chloride dynamics and confirmed a robust circadian rhythm 

in SCN neurons, with [Cl⁻]ᵢ peaking during the day and reaching a trough at night (Klett et 

al., 2022). This suggests that the phase of chloride rhythms could be region-specific, 

reflecting the functional demands of different neuronal circuits. 

Together, these studies converge on the idea that intracellular chloride is not static but 

dynamically regulated across the diurnal cycle. Whether this reflects an intrinsic circadian 

rhythm or a homeostatic response to neuronal activity remains debated. Nevertheless, 

the consistent observation of diurnal chloride variations across independent studies 

highlights the importance of studying [Cl⁻]ᵢ for understanding the modulation of GABAergic 

inhibition, sleep–wake history, neuronal excitability, and synaptic plasticity. 



Introduction 

27 
 

 

Figure 7: Intracellular chloride concentration oscillates diurnally. a) Quantification of [Cl-]i at 5 time 

points. The points are the median values for individual animals. Adapted from Pracucci et al., 2023. b) Current-

clamp recordings show GABAAR responses in a slice prepared at ZT3 or at ZT15 (left). The proportion of 

depolarizing GABAAR responses (right) was greater at ZT15 than at ZT3. Adapted from Alfonsa et al., 2023. 

 

2.2.4  The interneural landscape 

Cortical circuits are built upon the dynamic interplay of excitatory neurons and inhibitory 

interneurons (Lim et al., 2018; Tasic et al., 2016). While the majority of neocortical neurons 

are glutamatergic pyramidal cells (70-80%), inhibitory interneurons, which release GABA, 

constitute about one fourth of the neuronal population and are indispensable for local 

circuit regulation (DeFelipe et al., 2013). Unlike excitatory neurons, interneurons establish 

only local connections, sculpting the timing and gain of network activity (Tremblay et al., 

2016). Despite their smaller number, these cells are remarkably diverse in terms of 

morphology, physiology, and gene expression, and are commonly grouped into three 

cardinal classes: Parvalbumin (PV), Somatostatin (SST), and 5HT3a receptor–expressing 

interneurons (Lim et al., 2018; Llorca & Deogracias, 2022) (Figure 8).  

Parvalbumin-expressing (PV⁺) interneurons comprise a large and functionally central 

fraction of cortical inhibitory cells. They are classically associated with perisomatic 

inhibition and are defined by electrophysiological and morphological features that enable 

tight control over pyramidal neuron output. PV⁺ cells characteristically display fast-spiking 

behaviour. Morphologically and functionally, PV⁺ interneurons are commonly subdivided 

into three principal types. Basket cells, the most abundant PV subtype, exhibit axonal 

arborization that densely innervate the soma and proximal dendrites of surrounding 

pyramidal neurons as well as other interneurons (Hu et al., 2014). The second group are 

the axo-axonic (Chandelier) cells. They form a distinct and highly specialized population 

that targets the axon initial segment of pyramidal neurons; by synapsing at this site, they 

exert a particularly powerful influence on spike initiation (Somogyi et al., 1982). 

Translaminar PV interneurons, the third PV subtype, is relatively rare but distinctive: these 

neurons are most prevalent in deep cortical layers (notably layers 5–6) and extend axons 

that traverse the full cortical thickness, innervating pyramidal cells across multiple layers. 

Because of this vertical reach, translaminar PV cells have been proposed to provide a 

form of column-spanning, generalized gain modulation across the cortical column 

(Bortone et al., 2014). 

Somatostatin-expressing (SST⁺) interneurons preferentially target the distal dendrites of 

pyramidal neurons, thereby regulating the integration of excitatory inputs arriving from 
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local and long-range sources. This dendrite-targeting specialization places SST⁺ cells in 

a central position for controlling the input–output transformation of pyramidal neurons and 

for modulating synaptic plasticity. Within the SST⁺ class, two principal subtypes are 

recognized: Martinotti cells and non-Martinotti cells. Martinotti cells form a distinctive and 

abundant group. Their hallmark feature is an axon that ascends toward layer I, where it 

branches profusely to form dense terminal arborizations (Wang et al., 2004). By 

innervating the distal apical dendrites of pyramidal neurons, Martinotti cells establish a 

strong inhibitory influence on the sites where pyramidal neurons receive long-range 

corticocortical and thalamocortical inputs. In addition to targeting pyramidal cells, 

Martinotti cells also inhibit other interneurons, including PV⁺ basket cells and VIP⁺ bipolar 

cells, thereby contributing to disinhibitory loops and to the fine regulation of local circuit 

excitability. Non-Martinotti SST interneurons, by contrast, lack projections to layer I. 

Instead, their axons arborize locally within the layer of origin or extend into immediately 

adjacent layers. This subtype is especially enriched in layer IV, where they form reciprocal 

connections with local excitatory granule cells and strongly inhibit PV⁺ basket cells. In 

terms of electrophysiology, non-Martinotti cells typically fire at higher frequencies than 

Martinotti cells, though not as high as the fast-spiking PV⁺ population, reflecting their 

intermediate inhibitory dynamics. 

The third cardinal class of cortical interneurons is defined by the expression of the 

serotonin receptor 5HTR3a. In contrast to PV⁺ and SST⁺ interneurons, 5HTR3a⁺ cells are 

particularly enriched in superficial layers, especially in layer I and layers II/III, where they 

form a heterogeneous population distinguished by diverse morphologies, firing patterns, 

and connectivity profiles. Within this class, vasoactive intestinal peptide (VIP⁺) bipolar 

interneurons represent the most abundant subtype. They are primarily located in layer 

II/III and are characterized by vertically oriented axons and adapting firing properties. 

Other than vasoactive intestinal peptide, these neurons typically co-express calretinin and 

are functionally specialized to inhibit other interneurons, most notably PV⁺ basket cells 

and SST⁺ neurons, thereby providing an effective disinhibitory control over local pyramidal 

cells (Pfeffer et al., 2013). A second subset of 5HTR3a⁺ interneurons also express VIP but 

displays alternative morphologies, contributing to the heterogeneity of this group. Layer I 

of the neocortex, though sparse in excitatory neurons, hosts a diverse set of 5HTR3a⁺ 

interneurons. Among them, Neuron-derived neurotrophic factor-positive (NDNF⁺) 

neurogliaform cells are well characterized, displaying late-spiking activity and dense, 

locally restricted axons that target both pyramidal dendrites and nearby interneurons, 

thereby mediating widespread inhibition in superficial layers (Letzkus et al., 2011). 

Even though all the interneurons originate front the same area of the subpallium, when 

they migrate to the cortex they gradually acquire their molecular, morphological, and 

synaptic identities that contribute to generate a very diverse group (Anderson et al., 1997). 

Advances in single-cell transcriptomics have further highlighted the complexity of 

interneuron subtypes (Ascoli et al., 2008; Bugeon et al., 2022; DeFelipe et al., 2013). 

Functionally, the primary role of these inhibitory interneurons is to suppress the activity of 

excitatory pyramidal neurons, a process predominantly mediated by GABAA receptors. 

Being chloride the main effector of GABAA receptors, studying chloride dynamics serve 

as a direct readout of inhibitory interneuron activity, linking the molecular and circuit-level 

diversity of interneurons to their functional impact on cortical computation. 
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Figure 8: Interneuron diversity in the murine neocortex. a) Cortical interneurons can be classified into 

three main classes: PV, SST, and 5Htr3a. Each of these classes can be further subdivided into different 

types. b) Different interneuron types preferentially target specific compartments of surrounding projection 

neurons. Basket cells target their soma. Chandelier cells specifically innervate axon initial segments. SST and 

5Htr3a cells mostly target projection neuron dendrites at different levels. PV, parvalbumin; SST, somatostatin; 

NGF, neurogliaform; NPY, neuropeptide Y; CCK, cholecystokinin. Adapted from Llorca & Deogracias, 2022. 

 

2.2.5  Brain oscillations and inhibition in cortical circuits  

Although they represent about 25% of cortical neurons, GABAergic interneurons 

dramatically determine the computational repertoire of cortical circuits by shaping when 

and how pyramidal cells fire (Schmidt-Wilcke et al., 2018). Inhibitory populations tune 

sensory responses to specific features, implement gain control, and coordinate large 

groups of neurons into temporally organized activity patterns that are observed as brain 

oscillations of the extracellular field potential (Bortone et al., 2014; Buzsáki & Wang, 2012; 

Liu et al., 2011; Pouille et al., 2009). Since the earliest stage of human electrophysiology, 

neural rhythmic activity has been classified into delta (0.5–4 Hz), theta (4–8 Hz), alpha 

(8–13 Hz), beta (13–30 Hz), and gamma (30–80 Hz) bands, each reflecting partially 

synchronized neurons within a local population. Inhibition is fundamental to these rhythms 

because it converts steady excitation into temporally structured windows of high and low 

spiking probability. The negative feedback loop of excitatory and inhibitory neurons 

generates alternations of excitatory and inhibitory windows at a frequency set by the 

synaptic delays and the kinetics of excitation and inhibition. Such an oscillatory motif 

occurs in cortical networks, where many of these loops interact, producing macroscopic 

rhythms that contribute to the spectral composition of the local field potential. 
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Inhibitory timing gates excitatory communication. By constraining pyramidal spiking to 

narrow phases of the cycle, inhibition increases the impact of coincident inputs on 

downstream targets and supports spike-timing-dependent plasticity, a key mechanism for 

Hebbian learning (Song et al., 2000). Rhythms are therefore not only incidental 

consequences of circuit dynamics but active mechanisms for routing information. For 

instance, increases in slow wave amplitude after a motor learning task localize to the 

trained cortical area and predict performance improvements after sleep, indicating that 

oscillations could contribute to consolidation processes (Huber et al., 2004). At faster 

timescales, oscillatory coordination has been proposed to bind distributed features and 

regulate effective connectivity between regions (Fries, 2015).  

Multiple inhibitory subtypes contribute with distinct kinetics and targeting rules. 

Perisomatic inhibition from fast-spiking cells can lock the timing of spike initiation, while 

dendrite-targeting interneurons shape integration and gain on a slightly delayed timescale, 

stabilizing the cycle and sculpting stimulus dependence (Onorato et al., 2025). In primary 

visual cortex, visually driven low-gamma rhythms emerge during drifting grating 

stimulation and depend on interneuron recruitment patterns that track stimulus size and 

context, underscoring the causal role of inhibition in generating and sustaining the rhythm 

(Veit et al., 2017). In this framework, inhibitory efficacy and timing determine the 

amplitude, frequency, and phase structure of the oscillation, and thereby set when 

excitatory assemblies communicate most effectively. 

 

2.2.5.1  The physiology of inhibitory visual responses 

Inhibition plays a central role in shaping how visual signals are represented in the primary 

visual cortex (V1). Rather than acting as a simple brake on excitatory activity, inhibitory 

circuits actively sculpt the spatiotemporal profile of visual responses. By controlling the 

gain of pyramidal neurons, inhibition enhances contrast sensitivity, sharpens orientation 

tuning, and keeps cortical activity within a useful dynamic range, preventing excitatory 

responses from becoming saturated. Moreover, inhibitory inputs determine how cortical 

neurons adjust their responses according to behavioural state. Inhibitory interneurons 

therefore provide the framework through which visual stimuli are transformed into precise 

cortical activity patterns, ensuring that pyramidal neurons encode visual features with both 

selectivity and flexibility. In this section, I summarize some of the current knowledge about 

the physiology of inhibitory responses to visual stimulation. 

Drifting gratings are the canonical stimulus used to characterize orientation and direction 

selectivity in V1. In urethane anesthetized mice, inhibitory neurons are generally less 

selective than excitatory neurons. Early in vivo calcium imaging revealed that most 

GABAergic neurons in layer 2/3 responded to gratings in an orientation-insensitive 

manner, whereas neighbouring pyramidal cells exhibited strong orientation tuning (Sohya 

et al., 2007). Subsequent work confirmed that PV, SST, and VIP interneurons all tend to 

show broader orientation and spatial frequency tuning than excitatory cells, and their 

responses often mirror the average tuning of the surrounding population rather than being 

independent from it (Kerlin et al., 2010. Figure 9c). The broader tuning observed in 

inhibitory neurons may result from variations in the strength and density of their local 
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synaptic inputs, as well as their extensive gap-junction coupling, compared to excitatory 

neurons in layer 2/3. 

In awake mice, inhibitory visual responses are strongly modulated by behavioural state. 

During locomotion, visual responses of pyramidal cells increase in gain. Initial models 

proposed that this effect arose through disinhibition: during locomotion, cholinergic inputs 

are recruited and excite VIP interneurons, which in turn suppress SST activity. This 

disinhibits the dendrites of pyramidal neurons and enhances their visual responses (Fu et 

al., 2014; Reimer et al., 2014). However, subsequent imaging studies demonstrated that 

locomotion actually increases activity in PV, SST, and VIP interneurons (Dipoppa et al., 

2018; Polack et al., 2013). SST neurons, in particular, show highly context-dependent 

responses: they are weakly responsive during locomotion in darkness, but increase their 

activity significantly when locomotion coincides with visual stimulation (Polack et al., 

2013). These findings were further refined by (Pakan et al., 2016): using two-photon 

calcium imaging, the authors demonstrated that locomotion boosts the responses of PV, 

SST, and VIP cells during visual stimulation, whereas in darkness SST cells remain largely 

non-responsive (Figure 9d). However, there is currently no consensus in the literature, as 

other studies have reported differing results, leading to alternative interpretations and 

hypotheses (Dipoppa et al., 2018; Fu et al., 2014; Polack et al., 2013).  Anyway, these 

observations confirmed that behavioural-state modulation of inhibition is not uniform, but 

depends both on interneuron subtype and on the sensory context. Crucially, the data 

argue against a universal disinhibitory mechanism: rather than a simple circuit in which 

locomotion uniformly suppresses inhibition via VIP–SST interactions, different interneuron 

classes are differentially engaged depending on context, suggesting a more distributed 

and flexible form of inhibitory modulation. 

Consistent with these findings, another study has shown that most interneuron subclasses 

respond to gratings with relatively low orientation and direction selectivity, regardless of 

behavioural state (Bugeon et al., 2022). PV and SST neurons are typically excited by 

gratings, whereas VIP and Lamp5 interneurons show a mixture of excitation and 

suppression. Importantly, locomotion modulates the gain of these responses in a subtype-

specific manner, but does not fundamentally alter their weak selectivity. This reinforces 

the idea that inhibitory activity reflects broad, population-level features of the visual input 

rather than precise, highly tuned coding of orientation or direction. Together, these 

observations indicate that locomotion does not simply disinhibit pyramidal neurons but 

reorganizes the balance of excitatory and inhibitory inputs in a subtype-specific fashion. 

Rather than a uniform release from inhibition, pyramidal neurons experience an increase 

in both excitation and inhibition, with neuromodulatory inputs further shaping the 

dynamics.  

In conclusion, inhibitory interneurons cooperate to shape the inhibitory drive onto 

pyramidal cells. Importantly, there is a distinction between interneuron activity and the 

resulting inhibitory effect on pyramidal neurons. While interneuron responses are broadly 

tuned across orientations, the chloride influx in pyramidal cells following visual stimulation 

can be shaped by the specific synaptic arrangements and the spatial-temporal summation 

of inhibitory inputs. Moreover, the overall chloride dynamics in pyramidal neurons are 

expected to follow the activation patterns of interneurons (Figure 9b). Finally, in awake 
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mice, locomotion acts as an additional driver of chloride influx, which interacts with visually 

evoked responses, further modulating pyramidal cell activity. 

 

Figure 9: Modulation of inhibitory neuron’s activity by visual stimuli and locomotion. a) schematic of 

visual stimulation. b) Magnitude and time course of visually evoked calcium responses of excitatory and all 

GABAergic subtypes of urethane anaesthetized mice. “NEG” refers to other GAD67+ neurons c) Recordings 

of visually evoked calcium responses in excitatory and inhibitory interneurons. Responses from PV, SOM, and 

VIP subtypes of GABAergic neurons, were generally unselective or weakly selective to the orientation of the 

stimulus. d) Example calcium transients (ΔF/F0, colored traces) of single VIP, SST and PV neurons, imaged 
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in darkness and during visual stimulation with oriented gratings (grey bar above trace), and aligned with the 

corresponding running speed (cm/s, black traces). Figure adapted from: Kerlin et al., 2010; Pakan et al., 2016; 

Sohya et al., 2007. 

2.2.6  Effects of diurnal chloride fluctuations 

Intracellular chloride concentration is dynamically regulated across the 24-hour cycle, and 

these fluctuations exert a profound influence on neuronal physiology (Alfonsa et al., 2023, 

2025; Pracucci et al., 2023). In mouse V1, visually evoked gamma oscillations are strongly 

modulated across the day in a chloride-dependent manner. When drifting gratings are 

presented during the daytime rest phase (ZT5), local field potentials exhibit a prominent 

increase of power in the 20–30 Hz band; the same visual stimulation at night (ZT17), when 

baseline pyramidal [Cl⁻]ᵢ is elevated, yields a markedly reduced gamma peak power. This 

day–night difference is significant, and pharmacological treatments confirm the causal role 

of chloride: treating anaesthetized mice with bumetanide at ZT17 lowers [Cl⁻]ᵢ and 

restores the gamma peak power toward daytime values, whereas bumetanide at ZT5 has 

negligible effect because [Cl⁻]ᵢ is already low. These results demonstrate that the diurnal 

elevation of neuronal chloride weakens visually evoked gamma synchronization and that 

reducing chloride influx via NKCC1 restores gamma rhythms toward the daytime state 

(Pracucci et al., 2023). 

Different findings shows that wakefulness raises neuronal [Cl⁻]ᵢ and shifts the reversal 

potential of GABA in cortical pyramidal neurons toward depolarized values. Behaviourally, 

this wake-related increase of [Cl⁻]ᵢ associates with markers of high sleep pressure, 

including increased low-frequency power during wake and poorer task performance after 

sleep deprivation (Alfonsa et al., 2023). Moreover, the more depolarized GABA’s reversal 

potential in the active period facilitated LTP induction at layer 5 pyramidal synapses, while 

the blockade of NKCC1 in the active period attenuates LTP (Alfonsa et al., 2025).  

 

2.3 Chloride, inhibition and the clock 

Chloride homeostasis is a key determinant of inhibitory synaptic transmission and 

neuronal excitability. Having discussed its regulatory mechanisms in previous sections, 

we now turn to how these processes intersect with the molecular machinery of the 

circadian clock. Recent evidence suggests that chloride regulation is tightly connected 

with the circadian system, influencing rhythmic changes in neuronal inhibition and 

excitability across the day–night cycle. Understanding this interplay requires a closer look 

at the molecular mechanisms underlying the circadian clock itself. 

 

2.3.1  Molecular mechanisms underlying the clock 

The circadian clock is a highly conserved molecular system that allows organisms to 

anticipate and adapt to daily environmental changes. Its intrinsic rhythmicity persists even 

under constant conditions, demonstrating that it is an endogenous timekeeping 

mechanism rather than a mere response to external cues. In mammals, the molecular 

clock is based on a transcriptional–translational feedback loop (TTFL) that drives rhythmic 
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expression of the core clock genes and their protein products with a period of 

approximately 24 hours (Figure 10a). 

At the heart of this loop lie two transcription factors, CLOCK (Circadian Locomotor Output 

Cycles Kaput) and BMAL1 (Brain and Muscle ARNT-Like 1). In the cytoplasm, CLOCK 

and BMAL1 form heterodimers that translocate into the nucleus, where they bind to E-box 

elements (CACGTG) in the promoters of target genes, activating their transcription. 

Among these targets are the Period (PER1, PER2, PER3) and Cryptochrome (CRY1, 

CRY2) genes, whose protein products accumulate in the cytoplasm and subsequently 

form inhibitory PER:CRY complexes. Once these complexes enter the nucleus, they 

suppress the transcriptional activity of the CLOCK:BMAL1 complex, thereby repressing 

their own expression and closing the negative feedback loop (Figure 10b; Partch et al., 

2014). 

A secondary loop contributes to the stability and precision of the oscillation. 

CLOCK:BMAL1 dimers also activate the transcription of Rev-Erbα/β and Rorα/β/γ, 

nuclear receptors that compete for binding to RORE (ROR response element) sequences 

within the Bmal1 promoter. REV-ERBs repress Bmal1 transcription, while RORs activate 

it, forming an interlocking regulatory network that reinforces the core feedback cycle. 

Importantly, the expression of REV-ERBs and RORs peaks at different circadian phases, 

ensuring a temporal separation between activation and repression that helps to shape 

and stabilize the oscillatory dynamics of the clock. This layered architecture ensures 

robust oscillations in both gene expression and protein abundance, generating rhythmicity 

in a multitude of downstream cellular processes (Kim et al., 2022). 

Beyond transcriptional regulation, post-translational mechanisms play a crucial role in 

determining the timing, stability, and activity of clock proteins. Within the canonical TTFL, 

phosphorylation by casein kinases CK1δ, CK1ε, and CK2 introduces intrinsic delays that 

prevent the system from reaching equilibrium, thereby sustaining circadian oscillations in 

PER and CRY abundance even under constant conditions. Moreover, circadian regulation 

involves rhythmic protein synthesis and degradation coordinated through signalling 

pathways such as mTOR and CK2, which post-translationally modify the translational 

machinery to temporally compartmentalize protein renewal. These finely tuned post-

translational modifications ensure proteomic stability and maintain a near-24-hour 

periodicity in cellular physiology (James & O’Neill, 2025). 

Beyond controlling gene expression and protein turnover, the molecular circadian clock 

also orchestrates rhythmic changes in cellular ion homeostasis. Intracellular 

concentrations of key ions such as K⁺, Na⁺, and Cl⁻ oscillate over the day, buffering the 

osmotic shifts associated with rhythmic protein synthesis and degradation (Figure 10c). 

These daily ion fluxes contribute to maintaining cellular volume and electrochemical 

stability, thereby coupling metabolic and osmotic rhythms to the molecular circadian clock. 

This coordination between proteostasis and ion transport ensures that cellular physiology 

remains temporally aligned with energy demands across the circadian cycle (James & 

O’Neill, 2025; Stangherlin, 2023; Stangherlin et al., 2021). 

Altogether, the molecular clock acts as a hierarchical, cell-autonomous system capable of 

integrating environmental cues such as light, feeding, and temperature, while sustaining 

self-sufficient rhythmicity. This molecular machinery not only governs circadian gene 
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expression but also influences neuronal physiology and behaviour, providing the 

foundation for the circadian regulation of brain function discussed in the following section. 

 

Figure 10: Circadian Molecular Mechanisms and Their Impact on Ion Homeostasis. a) Schematic 

diagram of the mammalian circadian TTFL. Bmal1 and CLOCK form a heterodimer that binds to the E-box in 

the downstream gene promoter region and activates Per, CRY, RORα, REV-ERBα, and CCGs. CRY and Per 

constitute the inhibition arm of TTPL; they dimerize and enter the nucleus to inhibit the activation of Bmal1-

CLOCK. This results in oscillating patterns of gene expression. A secondary loop composed of REV-ERBα 

and RORα competitively binds to the RRE binding site in the BMAL1 promoter and regulates the transcription 

level of Bmal1. Adapted from Xia et al., 2024. b) Graphs illustrating the temporal organization and phase 

relationship of Per2 and Bmal1 mRNA in the rat suprachiasmatic nucleus. Adapted from Harbour et al., 2014. 

c) Cell-autonomous circadian rhythms organize proteostasis into two complementary phases. During the 

accrual phase, global protein synthesis is reduced while selective translation of specific mRNAs allows cells 

to save resources and prepare for anticipated metabolic changes. In the renewal phase, signaling pathways 

such as mTOR and CK2 promote a coordinated increase in protein synthesis and degradation, ensuring 

proteome turnover without altering total protein content. These rhythmic transitions in proteostatic activity are 

accompanied by circadian oscillations in intracellular K⁺, Na⁺, and Cl⁻, which maintain osmotic balance and 

cellular homeostasis throughout the 24-hour cycle. Adapted from James & O’Neill, 2025. 
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2.3.2  Circadian rhythms in the brain 

The activity of mammals, including humans, follows a robust 24-hour rhythm that governs 

both behaviour and physiology. The most evident manifestation of this rhythmicity is the 

alternation between sleep and wakefulness, which persists even in the absence of 

external time cues. Experiments in rodents have clearly demonstrated that their locomotor 

activity displays self-sustained periodicity under constant environmental conditions. For 

instance, mice, being nocturnal animals, are predominantly active during the dark phase 

and rest during the light phase, but they continue to exhibit a near-24-hour rhythm in 

constant darkness or constant light, with only minimal deviations from the 24-hour period 

(Hasan et al., 2014). This persistence confirms that the sleep–wake cycle is governed by 

an endogenous circadian mechanism. 

Circadian regulation in the brain extends well beyond sleep and wake states. Numerous 

aspects of neuronal function display daily oscillations, including firing rate, synaptic 

strength, and plasticity (Hartsock & Spencer, 2020; Tononi & Cirelli, 2006; Vyazovskiy et 

al., 2009; Watson et al., 2016). Even neuromodulatory systems show circadian modulation 

(Yu et al., 2021). Together, these findings illustrate that circadian regulation permeates 

multiple layers of neural physiology, influencing cellular and molecular processes together 

with behavioural states. 

At the centre of this temporal organization lies the suprachiasmatic nucleus, located in the 

anterior hypothalamus. The SCN acts as the master pacemaker that synchronizes 

circadian rhythms throughout the brain and body (Weaver, 1998). Each SCN neuron is an 

autonomous oscillator, capable of generating rhythmic electrical activity and clock gene 

expression even in isolation. Yet, for the SCN to track and anticipate solar time, it must be 

entrained by environmental light, achieved through direct input from intrinsically 

photosensitive retinal ganglion cells expressing melanopsin (Hattar et al., 2002; LeGates 

et al., 2014). In circadian biology, a “zeitgeber” (German for “time giver”) is any external 

cue that synchronizes the internal clock with the environment. Light is the dominant 

zeitgeber for the SCN, while nonphotic cues such as feeding schedules, social interaction, 

temperature cycles, and exercise act as weaker zeitgebers, particularly for peripheral 

clocks. By providing phase-resetting signals, zeitgebers align endogenous rhythms to the 

24-hour day, preventing the drift that would otherwise occur under constant conditions. 

The SCN’s neuronal network translates photic information into coherent timing signals 

that regulate endocrine, autonomic, and behavioural rhythms across the organism. 

The main measurable output of SCN neurons is their spontaneous firing rate, which 

oscillates between >10 and <1 Hz across the circadian cycle (Green & Gillette, 1982; 

Colwell, 2011). Importantly, SCN electrical activity reflects solar time rather than 

behavioural state: its firing rate is high during the SCN circadian day (i.e. light phase), 

even in nocturnal animals. Light exposure modulates SCN activity through phase-

dependent mechanisms. During the SCN circadian day, when firing is already high, light 

pulses exert minimal effects, while light exposure during the night transiently increases 

firing and triggers phase shifts in the molecular clock, realigning internal time to external 

cues (J. R. Jones et al., 2018). This photic entrainment relies on intracellular Ca²⁺ 
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signalling that activates cAMP/Ca²⁺ response elements (CREs) within Per1 and Per2 gene 

enhancers. 

Early studies reported that GABA could be both excitatory and inhibitory in the SCN, with 

the proportion of excitatory responses varying across the circadian cycle (Wagner et al., 

1997). This bidirectional effect is caused by circadian shifts in [Cl-]i, which alter the reversal 

potential of GABAA receptor-mediated currents. Excitatory GABAergic responses are 

more prevalent during the day (corresponding to a higher [Cl-]i), peaking around the 

midday, whereas inhibitory responses dominate during the night (Klett & Allen, 2017). 

These findings suggest that chloride dynamics contribute to phase-dependent modulation 

of GABAergic signalling within the SCN, potentially influencing network synchronization 

and output timing (Belenky et al., 2010). 

In summary, circadian rhythms in the brain arise from the interplay between the molecular 

clock, neuronal network activity, and environmental inputs. The SCN functions as the 

master synchronizer, translating light information into rhythmic signals that entrain both 

central and peripheral oscillators. At the same time, local clocks enable region-specific 

rhythmic modulation of excitability, metabolism, and plasticity, highlighting that the brain’s 

temporal organization is distributed and dynamic to all neural processes. 

 

2.3.3  Epilepsy: a diurnal occurrence    

Epileptic seizures do not occur evenly over 24 hours. A growing body of clinical and 

experimental evidence supports that many forms of epilepsy exhibit diurnal or circadian 

patterns in seizure occurrence and in the underlying brain activity between seizures. 

Understanding these daily rhythms is important both for clarifying the mechanisms that 

regulate neuronal excitability and for optimizing the timing of therapeutic interventions 

(chronotherapy). For many years a link between seizures and the time of the day was not 

known, but large-scale EEG studies and chronic implantable recordings have now 

demonstrated that epileptic activity follows clear temporal patterns rather than being 

stochastic. Data from over 10 000 individuals with epilepsy, comprising more than one 

million recorded seizures (Karoly et al., 2021), show a marked predominance of daytime 

events, with peak incidence between late morning and early afternoon and the lowest 

occurrence during the night. These findings confirm that epileptic activity in humans is 

largely a diurnal phenomenon, though individual “seizure chronotypes” vary depending on 

epilepsy type and brain region of onset. Importantly, the sleep–wake cycle interacts with 

but does not fully explain circadian seizure timing. The mechanisms underlying this diurnal 

modulation likely involve a combination of endogenous circadian clocks and state-

dependent excitability changes. Molecular circadian regulators such as CLOCK and 

BMAL1 influence neuronal activity patterns throughout the brain. In mice, deletion of the 

Clock gene in pyramidal neurons results in spontaneous seizures, indicating that clock-

controlled transcription directly affects network excitability (Li et al., 2017). Moreover, both 

the synaptic transcriptome and phospho-proteome of the forebrain exhibit circadian 

fluctuations, many of which are altered in epilepsy, suggesting that temporal gene 

regulation contributes to rhythmic seizure susceptibility (Debski et al., 2020). 
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In addition, alterations in neuronal chloride homeostasis are increasingly recognized as a 

key mechanism contributing to epileptogenesis. Several studies demonstrate that either 

persistent or activity-dependent increases in [Cl-]i can promote hyperexcitability (Weiss, 

2023). Indeed, both chronic downregulation of KCC2 and transient chloride accumulation 

during intense network activity can reduce GABAergic inhibition and facilitate epileptiform 

discharges. Genetic and experimental evidence supports this causal role: mutations in 

KCC2 (SLC12A5) genes, which leads to impaired Cl⁻ extrusion and a depolarizing shift of 

the GABA equilibrium potential, have been linked to human epileptic encephalopathies, 

leading to impaired Cl⁻ extrusion and a depolarizing shift of the GABA equilibrium potential 

(Kahle et al., 2014). In addition to being a potential causal factor, intracellular chloride 

accumulation is also consequence of epileptic activity. During seizure onset, intense 

synaptic and network activation drives a rapid influx of Cl⁻ through GABAA receptors, 

which can overwhelm the capacity of the chloride extruder KCC2. Using Clomeleon, it 

was demonstrated that pyramidal neurons in mouse hippocampal slices rapidly 

accumulate Cl⁻ at the beginning of seizure-like events and that intracellular Cl⁻ continues 

to rise during the ictal phase (Lillis et al., 2012). This chloride accumulation primarily 

results from massive activation of GABAA receptors at seizure onset. As the seizure 

progresses, KCC2 becomes increasingly ineffective in maintaining the chloride gradient, 

causing a depolarizing shift of EGABA. This shift reduces the inhibitory efficacy of 

GABAergic signalling and can even render GABA currents excitatory, thereby contributing 

to the breakdown of inhibition and the propagation of epileptiform activity. 

Taken together, these observations indicate that epileptic activity follows a clear diurnal 

organization, and that chloride homeostasis plays a key role in shaping seizure 

susceptibility. As discussed earlier in this introduction, intracellular chloride levels in 

cortical pyramidal neurons oscillate across the day in mice (Pracucci et al., 2023). Such 

rhythmic modulation may underlie time-of-day differences in seizure susceptibility: when 

baseline intracellular chloride is elevated, GABAergic inhibition becomes less effective, 

potentially facilitating seizure generation. This hypothesis will be explored experimentally 

in one of the results chapters. Furthermore, since intracellular chloride also rises sharply 

during seizures, as discussed above, the dynamics [Cl-]i following epileptic activity will be 

examined in the results.
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3. Results 
 

3.1 Putative circadian mechanism underling the 

diurnal chloride fluctuation in mouse pyramidal 

cells 

When I joined the laboratory at the beginning of my PhD, the project was already partially 

underway, with previous work showing that intracellular chloride concentration in 

pyramidal neurons of the mouse visual cortex does not remain constant but instead 

exhibits a pronounced diurnal fluctuation (see introduction 2.2.3). My contribution focused 

on extending this line of investigation to a particular experimental condition, namely the 

ZT29D mice, in which the regular light–dark cycle was extended in order to explore 

whether chloride homeostasis would remain coupled to behavioural activity or would 

instead follow an intrinsic circadian regulation. To this end, and in consistency with the 

previous experimental sets, adult C57BL/6J mice of both sexes (aged 4–6 months) 

underwent surgical procedures for the expression of the genetically encoded ratiometric 

sensor LSSmClopHensor in cortical pyramidal neurons of the visual cortex. Mice are 

usually maintained in a 12 hr light cycle, with light going off at 7 PM and on at 7 AM. Under 

this light cycle, mice are in in the active phase at night (7PM to 7AM) and start sleeping 

rapidly after the onset of light at 7AM with consequent rapid reduction of motor activity 

(Figure 11e). To uncouple activity from the Cl- change, in these experiments light was not 

switched on at 7 AM and Cl imaging was performed at 12 AM. As a result, the animals 

experienced a continuous period of darkness lasting more than 16 hours, after which they 

were imaged at a timepoint corresponding to zeitgeber time 28-29 (ZT29D), i.e. 29 hours 

after the last darkness-to-light inversion. Following surgery, a recovery period of at least 

three weeks was observed to allow for stable sensor expression. Prior to imaging, 

locomotor activity was continuously recorded to assess the behavioural state of the 

animals (see methods 5.1). Figure 11e-f displays the behavioural results of 5 out of 6 

mice imaged (only 5 mice are included because the video recording malfunctioned for one 

animal).  As expected, all the mice remained active during the period of extended 

darkness (Figure 11f Left). In 4 out of 5 animals, the periods of immobility were far lower 

(Figure 11f Right) indicating that sleep was markedly reduced during prolonged darkness, 

even if this cannot be considered complete sleep deprivation. This manipulation therefore 

allowed us to dissociate two normally overlapping variables: the light-driven circadian 

entrainment and the behavioural sleep–wake state, providing a unique opportunity to test 

whether fluctuations in neuronal chloride follow environmental lighting cues and motor 

activity, or whether they are governed by an endogenous circadian mechanism. 

Two-photon imaging was carried out in layer 2/3 pyramidal neurons to measure 

intracellular chloride concentration. Interestingly, despite the marked increase in 
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behavioural activity during prolonged darkness, chloride followed the same dynamics 

observed in control conditions: intracellular chloride levels in ZT29D animals are 

comparable to those measured at ZT5, i.e., in the middle of the normal light phase when 

mice are typically resting (mean ZT5: 9.05 mM, 9 mice and 663 neurons; ZT29: 9.11 mM, 

6 mice and 588 neurons) (Figure 11c-d). This suggests that the exposure to light at ZT0, 

and the subsequent strong reduction in the activity of the mice, are not causally related to 

the observed [Cl-]i cycle. Thus, chloride regulation appeared to remain locked to the 

circadian cycle rather than to locomotor state or to exposure to light. Statistical analysis 

confirmed that [Cl⁻]i in ZT29D mice was not significantly different from ZT5 (Mann-

Whitney, two-sided, ZT5 vs ZT29D: p=0.68), while both were significantly lower than ZT17 

(mean ZT17: 18.68 mM, 8 mice and 1051 neurons; Mann-Whitney, two-sided, ZT17 vs 

ZT29D: p=3.7*10−3). These findings support the conclusion that the diurnal fluctuation of 

neuronal chloride is not simply a consequence of behavioural state or sleep–wake activity 

but might be instead mainly governed by intrinsic circadian mechanisms. 
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Figure 11: The effect of 4h prolonged darkness on chloride of cortical pyramidal neurons. a) Top: 

Schematic of the behavioural recordings acquired at ZT5, ZT17 and ZT28D. Bottom: Schematic of the 

experimental protocol. Mice were monitored for three days. The data from the first day (when the mouse was 

placed in the arena) was discarded. At the end of the second day, the mouse was kept in 4 hours of extended 

darkness. Mice were then imaged at the 2-photon microscope to measure [Cl-]i. Illustrations were generated 

with Biorender b) Three representative fields of view, showing pyramidal cells expressing LSSmClopHensor, 

in layers 2/3 of visual cortex, in mice aged >1month. Mice were imaged, under terminal anaesthesia, at the 

indicated circadian times. The third field, labelled ZT29D, has been imaged after leaving the mice in darkness 

from ZT12 until anaesthesia 16h later. Calibration bar 40μm. c) Quantification of [Cl-]i at 3 time points: ZT5 

(12:00, 9 mice and 663 neurons), ZT17 (24:00, 8 mice and 1051 neurons) and ZT29 (6 mice, 588 neurons). 

An average of 4 fields have been acquired for each mouse. The points are the median values for individual 
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animals, and the box plots show the interquartile range, median (central line) and mean (small symbol) for 

each experimental group. There is no difference between ZT5 and ZT29D, but both are significantly different 

from ZT17 (Mann–Whitney, two-sided. ZT5 vs ZT17: p=1.8*10−3; ZT17 vs ZT29D: p=3.7*10−3; ZT5 vs ZT29D: 

p=0.68). d) Left: Cumulative distribution for each mouse imaged at ZT5 (green traces) and at ZT17(blue 

traces). The thick lines show the mean distributions of the two groups. Right: Cumulative distribution for each 

mouse imaged at ZT5 (green traces) and at ZT29D. e) Actogram obtained from the continuous videorecording 

of 5 out of the 6 mice shown in (c). The mice kept in prolonged darkness were more active compared to the 

equivalent period when they were in the light (see magnification in the right panel. paired t-test, two-sided, 

p=1.8*10−4. The plot shows the mean ± variance). Bin duration: 10min.  f) Left: The cumulative distance 

travelled by each mouse increased in prolonged darkness (paired t-test, two-sided, p=3.5*10−3, n=5/5). Right: 

the time spent in complete immobility decreased in 4 out of 5 mice. There is no significant correlation between 

the distance travelled and individual median [Cl-]i (p=0.47, ANOVA, n=5). 

 

3.2 The effect of prolonged sleep deprivation on [Cl]i 

To assess whether chloride regulation in cortical pyramidal neurons is influenced not only 

by circadian rhythms but also by sleep, we extended our imaging experiments to the 

prefrontal cortex (PFC), in collaboration with the research team of Marco Bortolato, 

specifically interested in this brain region. For these experiments, adult C57BL/6J mice 

(4–6 months old) of both sexes were employed. The LSSmClopHensor was expressed in 

PFC pyramidal neurons via the same viral strategy previously described, utilizing a 1:10 

mixture of AAV9-EF1a-DIO(LSSmClopHensor) and AAV9-CaMKII-Cre. Two weeks after 

viral injection of LSSmClopHensor mice were imaged at depths of 80–110 µm in layer 2/3 

pyramidal neurons at ZT5 (Figure 12d). Under this baseline conditions, intracellular 

chloride concentrations in the prefrontal cortex were comparable to those measured in the 

visual cortex ([Cl⁻]i in PFC: 13.5 ± 11.7 mM; [Cl⁻]i in V1: 9.05 ± 3.6 mM; Mann-Whitney, 

two-sided: p=0.24).  

We next examined the effect of 24 hours of continuous sleep deprivation (SD) in PFC. 

Our sleep deprivation paradigm specifically targeted REM sleep, without interfering with 

non-REM sleep (Mendelson et al., 1974). To achieve this, we used the well-established 

“flowerpot” method, in which mice are placed on a small platform surrounded by water. 

While non-REM sleep episodes can still occur, the loss of muscle tone characteristic of 

REM sleep causes the animal to fall into the water, thereby preventing REM sleep bouts. 

Thus, a separate experimental group of the same initial pool of injected animals was 

subjected to this sleep deprivation protocol. Pyramidal neurons in the prefrontal cortex of 

sleep-deprived animals displayed a significant elevation in intracellular chloride levels 

compared to controls (Figure 12e; [Cl⁻]i control: 13.56 ± 11.7 mM; [Cl⁻]i SD: 35.9 ± 14.2 

mM; Mann-Whitney, one-sided f(x)<g(x), control vs. SD: p= 0.01). A total of 7 mice and 

570 cells were imaged in the control group, while 6 mice and 308 cells were evaluated in 

the SD group.  

While our previous experiments had shown that a 4-hour extension of the dark period was 

insufficient to significantly perturb [Cl⁻]I at ZT5, the extended sleep deprivation paradigm 

produced a marked effect. These findings indicate that, although chloride homeostasis 

exhibits a circadian profile under normal conditions, sleep itself exerts an additional and 

independent influence, with sleep loss imposing a measurable chloride load on cortical 

pyramidal neurons. It is worth noting that, even if the flowerpot is a very used methodology 



Results 

43 
 

in literature, it may induce stress to the animal. The latter could contribute to elevating 

[Cl⁻]ᵢ, thus introducing a confounding effect. 

 

Figure 12: In vivo Cl- imaging in the prefrontal cortex after prolonged sleep deprivation. a) Schematic 

of the flowerpot sleep deprivation treatment. Mice were sleep deprived for 24h. b) Median [Cl-]
i
 and pH for 

each individual mouse. No meaningful correlation was observed between chloride concentration and pH 

across mice. Data are shown as the median value per animal, although Pearson’s correlation was calculated 

across all analyzed cells (not shown). The correlation was weak in both groups (control: r = 0.32, p = 5.6 × 

10⁻¹⁸; SD: r = 0.34, p = 1.3 × 10⁻⁹), indicating only a minor and likely biologically negligible association between 

chloride and pH. c) Cumulative distribution of [Cl-]
i
 in control (green thin lines) and in sleep deprived mice 

(blue thin lines). The thick lines are the averages of the two groups. d) Left: Two photon imaging in the 

prefrontal cortex at a depth of 110 µm in a control mouse. The image is the average of the acquisition 

performed at the 5-excitation wavelengths needed for [Cl-]
i
 estimate (see methods 5.4). The cell bodies have 

been colorized in the right panel to indicate the measured [Cl-]
i
. Calibration bar 75 µm. Right: Imaging in 

mouse that was sleep deprived for 24 hours (imaging depth 80 µm). The look up table indicates the 

concentration in mM. e) Cumulative chloride results. Each symbol represents the median [Cl-]
i
 for each 

experimental mouse and the size of each symbol is twice the standard deviation of [Cl-]
i
 for each mouse. For 

each mouse we measured [Cl-]
i
 in a variable number of cells dependent on the quality of the sensor 

transfection. Control: 122, 23, 18, 48, 43, 177, 249; SD: 17, 55, 71, 29, 50, 86. [Cl-]i is higher in SD mice 

(Mann-Whitney, one-sided f(x)<g(x), control vs. SD: p= 0.01). 

 

3.3 Seizure susceptibility follows a diurnal rhythm as 

it is dependent on [Cl-]i  

Since [Cl⁻]i is crucial for the outcome of the inhibitory activity, we tested whether its 

circadian fluctuations could impinge on cortical excitability and seizure susceptibility. 

These experiments had already been initiated when I joined the laboratory. My role was 

to contribute to their continuation, assisting in carrying out and finalizing the experiments 

for some conditions, as well as in the subsequent analysis of the data. 



PhD Thesis | Giacomo Pasquini 

44 
 

Elevated chloride levels have long been linked to epileptic activity and are often 

considered a major factor underlying seizure generation (Kahle & Staley, 2008). Based 

on this background, we asked whether the natural day–night variation in [Cl⁻]i might 

modulate the likelihood of epileptiform activity. To address this, seizure susceptibility 

electrophysiological experiments were performed on adult C57BL/6J mice (4–6 months 

old) of both sexes. Under deep urethane anesthesia mice were prepared for 

electrophysiological recording and a small volume of 4-aminopyridine (4-AP; 500 nl, 15 

µM in artificial cerebrospinal fluid) was injected directly into the neocortex (Figure 13a). 

Local field potentials (LFPs) were recorded from an area 1mm away from the injection 

site, either at ZT5 or ZT17. We recorded neural activity for at least 10 minutes prior to 4-

AP injection, which always displayed the characteristic slow-wave oscillations (Figure 

13b). 

At ZT17, all tested animals (8/8) rapidly developed pathological discharges progressing 

to full electrographic seizures within 7–29 minutes after injection (mean latency 17.9 ± 9.5 

min SD). In contrast, at ZT5, seizures were observed in only 3 out of 11 mice, and in the 

remaining experiments no seizure activity was detected during the 60-minute recording 

period (Figure 13d). For consistency, seizure latency in these non-seizing cases was set 

to 60 minutes, resulting in an estimated average latency of 52 minutes for the ZT5 group. 

This represents a more than threefold increase compared to ZT17 (p < 0.005, Mann-

Whitney test) (Figure 13e). 

To probe the causal role of chloride, we manipulated the system pharmacologically. 

Pretreating ZT17 mice with cortical application of ACSF containing bumetanide (a 

selective NKCC1 inhibitor, 55 μM) for 40 minutes strongly suppressed seizure occurrence: 

in 5 out of 6 mice no seizures occurred within 1 hour, while one mouse had a single, 

modest seizure after 52 mins (Figure 13d, magenta). Thus, blocking NKCC1 activity 

(which lowers [Cl-]i of ~9 mM at night, Pracucci et al., 2023) shifted the ZT17 phenotype 

towards the more resistant ZT5 state. Conversely, blocking KCC2 for 40 minutes with 

VU0463271 in ZT5 mice markedly increased seizure susceptibility: 4 out of 5 animals 

developed intense, sustained epileptiform discharges comparable to those seen at ZT17 

(Figure 13d, cyan). Thus, the blockage of KCC2 converts the ZT5 to the ZT17 pattern. 

Quantification of cumulative pathological activity confirmed these observations (Figure 

13f-g). We found far higher levels of pathological activity (see methods 5.6) at ZT17 (ZT5 

vs ZT17, p=0.024, Mann-Whitney test). Again, as with all the other electrophysiology and 

imaging assays, bumetanide treatment markedly altered the ZT17 pattern, pushing it 

towards that seen at ZT5 (ZT17-/+bumetanide, p=0.008; ZT5 vs ZT17+bumetanide, 

p=0.59). In contrast, VU0463271 increased epileptiform activity at ZT5 (ZT5 vs 

ZT5+VU0463271 p<0.05, Mann-Whitney test) to values not statistically different from 

ZT17. Together, these findings demonstrate that daily oscillations in pyramidal [Cl⁻]i 

strongly influence cortical excitability and seizure threshold, and that pharmacological 

manipulation of chloride transporters can shift these dynamics. 
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Figure 13: Induced epileptic activity changes with the time of the day. a) Schematic showing the 

experimental arrangement. b) Example LFP traces recorded prior to the application of 4-AP, showing the 

characteristic rhythmic activity pattern under urethane anaesthesia. In each case, a higher resolution of one 

of the cortical UP states is shown (downward deflections on the LFP). c) Example LFP traces, and 

corresponding spectrograms, for the first hour after an intracortical injection of 4-aminopyridine (4AP, dotted 

line), for the four different experimental groups: ZT5 without (green) / with VU0463271 (VU, cyan), and ZT17 

without (blue) / with bumetanide (bume, magenta). Drugs were applied 40 min before of the 4AP injection. d) 

Raster plots showing the temporal evolution of the z-score (grey-scale, see Methods 5.6 for details) for all 

mice included in the study. The light-blue shaded areas indicate the first seizures. The arrowheads in the ZT17 

rasters indicate animals where saline was supplemented by 0.08% DMSO but no bumetanide (“vehicle 

controls”). e) Latency to the first seizure. All animals which had no seizures within the hour are depicted as 

data points at 60 min. Open symbols indicate female mice. Statistical differences were tested using the 

Wilcoxon rank test (see Methods for the criteria used for burst identification). Two-sided Mann–Whitney tests. 

ZT5 vs ZT5 + VU: p = 0.13; ZT5 vs ZT17: p = 1.3*10−3 (**); ZT5 vs ZT17 + bume: p = 0.54; ZT5 + VU vs ZT17: 

p = 0.01 (*); ZT5 + VU vs ZT17+bume: p = 2.8*10−2 (*); ZT17 vs ZT17+bume: p = 1.9*10−3 (**); no correction 

for multiple tests. f) The average cumulative activity recorded for the three experimental groups within the first 

hour after the 4-AP injection. g) The cumulative pathological activity (z-score) in the first hour following the 

4AP injection. Box plots show the interquartile range, median (central line) and mean (small symbol). Two-

sided Mann–Whitney tests. ZT5 vs ZT5 + VU: p = 2.5*10−2 (*); ZT5 vs ZT17: p = 5.0*10−3 (**); ZT5 vs 

ZT17+bume: p = 0.32; ZT5 + VU vs ZT17: p = 0.21; ZT5 + VU vs ZT17+bume: p = 2.9*10−2 (*); ZT17 vs 

ZT17 + bume: p = 3.0*10−3 (**); no correction for multiple tests; There was no statistical difference between 

sexes. Numbers of animals: ZT5: N = 11; ZT5 + VU: N = 5; ZT17: N = 8; ZT17+bumetanide: N = 6. 
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3.4 iClima: a new GECS 

The need for genetically encoded chloride sensors with improved affinity and reduced pH 

sensitivity motivated the development of iClima (improved Chloride imaging). The search 

for such tools led to a collaboration with Daniele Arosio, who engineered few point 

mutations in the fluorescent protein mClover3. This was reached through iterative 

optimization to achieve both high chloride affinity and stability against pH variations. 

Structurally, the sensor consists of a fusion between a chloride-sensitive green fluorescent 

protein (mutated mClover3), and a chloride-insensitive red fluorescent protein 

(mCRISPRed). We characterized iClima, as ClopHensor, with the aim of studying chloride 

dynamics in physiological and pathological conditions in vivo.  

 

3.4.1  iClima characterization 

Accurate characterization of the sensor is essential to reliably use iClima for in vivo 

experiments. As described in the introduction, three key parameters must be determined: 

the dissociation constant (Kd), the pKa, and the fluorescence ratio when [Cl]=0 (R₀). To 

extract these values, dedicated calibration experiments are required. In the following 

sections, I describe the in vitro calibration strategies we employed, which were performed 

using two independent imaging setups: a one-photon confocal microscope and a two-

photon microscope. This dual approach ensured the robustness of the measurements and 

validated the performance of iClima under different imaging modalities. 

 

3.4.1.1 Bleed-through measurements 

To quantify bleed-through between the spectral channels of the proteins composing the 

sensor, we performed single-fluorophore controls. Mouse embryonic fibroblasts (MEFs) 

were transfected by electroporation with either a plasmid encoding mCRISPRed or a 

plasmid encoding the mutated mClover3, both under the control of the CAG promoter. 

Two days post-transfection, cells were imaged in phenol red-free medium. For two-photon 

excitation, both channel 1 (green) and channel 2 (red) were acquired simultaneously at 

different excitation wavelengths. For one-photon, emission spectra were collected for 

each fluorophore across a range of excitation wavelengths (Figure 14a). BT was 

calculated according to Eq. 8-9. Specifically, for one-photon acquisition, emission spectra 

recorded at 450 nm excitation were integrated within the reference detection windows in 

order to estimate the fraction of the spectrum contributing to bleed-through. These 

integration windows were chosen to match the emission filters used in the two-photon 

microscope (527/70 nm for green and 607/70 nm for red). The discrepancy observed 

between the two BT measurements underscores their dependence on the specific 

imaging setup and highlights the necessity of performing BT measurements for each 

system individually. 
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3.4.1.2  pH calibration 

To determine the pH sensitivity of iClima, MEF cells were transfected with a plasmid 

encoding the sensor under the CAG promoter. Excitation spectra were then measured at 

different pH values at the two-photon microscope. In order to clamp intracellular ionic 

concentrations, a series of washes with ad-hoc composed media containing ionophores 

were performed. These reagents permeabilize the plasma membrane to protons and 

anions, equilibrating intracellular and extracellular conditions (Figure 14b). In this way, 

the extracellular medium defined the intracellular ionic composition. Spectra were 

collected at varying pH values while chloride was set to zero (Figure 14c). Semi-

automated MATLAB scripts were used to draw regions of interest (ROIs) around individual 

cells and the average signal of both the green and red channels was collected, 

background subtracted, corrected for PMTs efficiency and BT, and the green/red ratio was 

calculated (Figure 14d). The green/red ratios as a function of the excitation wavelength 

(from now on, we will refer to it as “green/red excitation spectrum”) were decomposed as 

a linear combination of the green/red excitation spectra at pH 6.0 and pH 8, obtaining the 

coefficients ε and δ (Figure 14e). These two factors were subsequently used to compute 

θ as a function of pH (Figure 14f). The resulting titration curve was fitted using Eq. 15, 

yielding a pKa of 7.8 ± 0.06.  

In Figure 14e, the errors associated with the fitting coefficients ε and δ are shown. The 

corresponding uncertainties on θ reflect the propagated error on the pH determination 

derived from this calibration procedure. From the coefficients ε and δ, the radial coordinate 

ρ was also calculated. The table below reports the pH values together with the 

corresponding mean θ and ρ values and their standard deviations. 

pH Mean θ (°) Error on θ (SD, °) Mean ρ Error on ρ (SD) 

6 0.23 2.57 1.08 0.28 

6.4 1.65 0.85 1.02 0.23 

6.8 8.18 1.73 0.99 0.22 

7.2 24.96 4.03 0.79 0.18 

7.6 58.22 8.53 0.74 0.23 

8 89.07 7.62 1.10 0.35 

 

The uncertainty on θ represents the error associated with the estimation of pH. 

Conversely, the variation in ρ (i.e., the radial coordinate) reflects either a different chloride 

concentrations or changes in the apparent stoichiometry of the sensor. Differences in 

chloride concentrations might be attributable to impurities in the calibration media or to 

residual chloride remaining even after several washing steps. Alternatively, deviations 

from the ideal stoichiometry of the sensor may occur, even if the two fluorescent proteins 

are designed to be present in a 1:1 ratio. We hypothesize that these deviations could arise 

from differences in the maturation kinetics of the two fluorophores. Since the 

measurements were performed in living, replicating cells, such differential maturation 

times could lead to transient imbalances in the relative abundance of the green and red 

components, ultimately producing fluctuations in the measured ρ values. 
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During this calibration, a total of 2111 cells were analyzed, with a minimum of 152 cells 

per pH condition. Cell dishes were maintained to a temperature of 32°C during the 

procedure. The same calibration procedure was repeated under one-photon excitation 

(see methods 5.7). The resulting pKa was 7.8 ± 0.38, closely matching the two-photon 

estimate. Thus, iClima exhibits a highly reproducible and stable apparent pKa across 

different imaging modalities. Lastly, from the excitation spectra obtained at both one-

photon and two-photon excitation, we identified the isosbestic points of iClima. For two-

photon excitation, the isosbestic wavelength was located at 830 nm (Figure 14d), while 

for one-photon excitation it was identified at 440 nm. 
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Figure 14: Bleed-through and pH calibration of iClima. a) Top, Emission spectra of mutated mClover3 

(green) and mCRISPRed (red) excited at 450nm at pH=7.2. Middle, BT coefficients representing the leak of 

each fluorescent protein's signal into the detection channel of the other protein at the one-photon microscope 

and (Bottom) at the two-photon microscope. b) Schematic of the calibration process. Six washes are 

performed in controlled media conditions, in presence of ionophores to equilibrate extracellular and 

intracellular media. c) Representative 2-photon acquisitions of MEF cells expressing iClima in a solution with 

ionophores [Cl-]i=0 mM and pH=6.0 (top) or 8.0 (bottom). d) Green fluorescence normalized over red 

fluorescence at different pH values upon 2 photon excitation. A pH-independent point (isosbestic point) is 

visible at 830 nm. e) Cartesian representation of the components ε and δ at different pH values. Colored 

points indicate individual cells. f) Calibration curve of θ as a function of pH. pKa, pHa and pHb were obtained 

fitting the experimental data with Eq. 15. 

 

3.4.1.3  Chloride calibration 

Following the pH calibration, chloride calibration was performed in MEF cells transfected 

with iClima. All measurements were carried out at 37 °C, under a constant pH of 7.2, while 

imposing increasing extracellular chloride concentrations on separate culture plates. For 

each condition, a minimum of four independent plates were analyzed to ensure 

reproducibility. Emission spectra were acquired at multiple excitation wavelengths in the 

one-photon microscope. Semi-automated MATLAB scripts were used to draw ROIs 

around individual cells, from which emission spectra of iClima were extracted. As 

expected, the green fluorescence peak, originating from the chloride-sensitive mutated 

mClover3 domain, decreased as chloride concentration increased, while the red 

fluorescence peak, corresponding to the chloride-insensitive mCRISPRed domain, 

remained stable (Figure 15a-b). For each plate, the experimental emission spectrum was 

fitted to the linear combination of the reference spectra of the green and red proteins 

according to the following model: 

𝑦 =  𝑔 ∙ 𝐺 +  𝑟 ∙ 𝑅 

where G and R are the reference spectra of mClover3 and mCRISPRed, respectively, and 

g and r are fitting coefficients. The ratio g/r therefore represents the relative contribution 

of the green and red components, providing a direct readout of the sensor signal. Notably, 

this spectral fitting approach does not require bleed-through correction because the 

emission spectrum of iClima is directly decomposed into the reference spectra of 

mClover3 and mCRISPRed, rather than being separated by fixed emission filters. As a 

result, the green and red components are mathematically disentangled during the fitting 

process. The average g/r ratios were then plotted against chloride concentration and fitted 

with Eq. 6 to extract the Kd and R0 (Figure 15c). The fit obtained from excitation at 490 nm 

(the optimal excitation wavelength for mClover3) yielded an apparent Kd (Kd’) of 7.3 ± 1.9 

mM. Similar values were obtained at other excitation wavelengths, such as 440 nm (Kd = 

9.7 ± 3.0 mM) and 480 nm (Kd = 7.7 ± 2.0 mM), confirming the robustness of the 

measurement. Thus, we consider the apparent Kd = 7.3 mM as the most representative 

value. This apparent dissociation constant reflects the protonation state at pH 7.2. By 

applying the inverse of Eq. 4, the Kd of the fully protonated state of the sensor was 

calculated to be 5.83 mM. Calibration processes are highly sensitive to even minor 

chloride contamination. Data acquired with one-photon excitation showed lower variability 

compared to two-photon experiments, where measurements were noisier and less 
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consistent. Therefore, one-photon calibration results were considered the most reliable 

and used to extract the Kd. 

The chloride affinity of iClima is substantially higher than that of previously available 

sensors. For example, LSSmClopHensor exhibits a Kd of 56.5 mM at pH 7.2, far from the 

physiological intracellular chloride range. In contrast, iClima displays a Kd close to 

neuronal [Cl⁻]ᵢ (~9 mM), making it particularly well-suited for detecting physiological 

chloride dynamics. Importantly, the high pKa of iClima (7.8) ensures that measurements 

are minimally affected by fluctuations in physiological pH (Figure 15d), representing a 

major advantage over earlier genetically encoded chloride sensors. Taken together, these 

results demonstrate that iClima combines high chloride affinity with pH stability, making it 

a powerful and improved tool for investigating fine [Cl⁻]ᵢ dynamics in living cells, including 

subtle physiological fluctuations that were previously inaccessible. 

 

Figure 15: Chloride calibration of iClima. a) iClima emission spectra at increasing chloride concentration 

(excitation wavelength = 480nm). b) 2-Photon imaging of MEF cells expressing iClima at increasing [Cl-]i 

displaying a decrease in green fluorescence. c) Fit of g/r as a function of [Cl-] using Eq 6, from which Kd is 

extracted. Individual points display the average values of a single well. d) Error of the [Cl-]i measure as a 
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function of the error on pH. iClima (solid lines) displays a far weaker dependency on pH compared with 

LSSmClopHensor (dashed lines). Plot was generated considering Eq. 5. 

 

3.4.2 iClima detects circadian fluctuations of chloride in 

U2-OS cells 

After characterizing the properties of iClima, we asked whether this genetically encoded 

chloride sensor was sensitive enough to detect physiologically relevant intracellular 

chloride fluctuations. As a collaboration, I thus visited with an Erasmus+ Traineeship the 

laboratory of John O’Neill at the MRC Laboratory of Molecular Biology. The goals of my 

exchange period were: a) to determine whether a human cell line displays circadian 

oscillations in intracellular chloride, in synchrony with canonical circadian reporters; b) to 

validate iClima as a sensor capable of detecting such oscillations in real time. Given the 

O’Neill lab’s expertise in circadian biology, this was an ideal setting to explore this 

question. For this purpose, two U2OS (human osteosarcoma) cell lines were used: U2OS 

stably expressing PER2 tagged at the C-terminus with firefly luciferase (PER2:LUC), and 

U2OS stably transduced with a lentivirus expressing firefly luciferase under a BMAL1 

promoter (pBMAL:LUC) and iClima under EF1α promoter. 

Cells were entrained with 12hr:12hr 37ºC:32ºC temperature cycles for five days. On day 

six, at the transition point between cold and warm phases, cells were replenished with low 

serum media and placed at constant temperature for 24 hours, under free-running 

conditions, before the first recording. In the case of luminescence measurements, 0.3 mM 

luciferin was added to the medium. 

On the day of the experiment, cells were divided into three experimental groups (Figure 

16a): 

1) Bioluminescence group: recorded in an ALLIGATOR (Automated Longitudinal 

Luciferase Imaging Gas And Temperature-Optimized Recorder; (Zeng & O’Neill, 

2022) to monitor circadian reporter activity (PER2 and BMAL1). 

2) Imaging group: recorded by confocal microscopy to track chloride dynamics with 

iClima. 

3) Elemental analysis group: subjected to Microwave Plasma–Atomic Emission 

Spectroscopy (MP-AES) to quantify other intracellular ion content (K⁺, Mg²⁺, Na⁺, 

Ca²⁺). 

Chloride is poorly detectable by MP-AES because its excitation requires high energy and 

its emission efficiency is intrinsically low, resulting in a weak signal, making genetically 

encoded sensors particularly valuable for this kind of measurement. Moreover, iClima 

allows continuous non-invasive measurements in living cells, providing temporal 

resolution that bulk elemental analyses cannot achieve. 

As expected, the circadian reporters PER2:Luc and pBMAL1:Luc showed anti-phasic 

oscillations at the beginning of the recording, with progressive amplitude damping and 

slight phase shifts over time. This is consistent with the well-known phenomenon of 

population desynchronization in cultured cells, where individual oscillators gradually lose 

synchrony, resulting in amplitude damping and phase instability at the population level 
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(Nagoshi et al., 2004; Welsh et al., 2004). Indeed, cells typically resume circadian cycling 

after mitosis with small phase differences, contributing to phase drift over several days. 

This phenomenon might be particularly strong in a cancer cell line such as U2OS, because 

cells might lack contact inhibition mechanisms. Data presented in Figure 16b-c represent 

the averaged traces from 12 plates for each reporter line of a 96 well plate. 

For iClima, imaging was performed on four plates; the dataset derived from one of the 

plates was discarded from the analysis after 2 days of recording due to poor cell health. 

The starting number of cells analyzed was n=719. ROIs were drawn on cells and the 

signals in the green and red channels were averaged for each ROI. ROIs were re-drawn 

for each timepoint to manage putative dead cells or cell movements. The overall loss of 

cells during acquisition was 3.84% per day, consistent with previously reported rates in 

long-term live-cell imaging (Kennelly et al., 2011). Analysis of the red/green ratio revealed 

rhythmic oscillations that could be fitted with a damped cosine function, i.e. a cosine wave 

with an exponentially decreasing amplitude (see methods 5.11).The fitted period of 

chloride oscillations was 23.7 h (parameters: Baseline= 3.18, m=-0.0023, amplitude= 

0.0169, k= 4.78*10-9, phase= 19.6 °, period= 23.7 h, p-value test= 5.2 *10-4. Figure 16c). 

Eight plates, each containing six replicate wells, were analyzed by MP-AES. Both K⁺ and 

Mg²⁺ concentrations displayed rhythmicity, with fitted periods of 23.1 h and 23.5 h, 

respectively (Figure 16c. K⁺ parameters: Baseline= 5.8 ppm, m= -0.0169, amplitude= 

0.374, k= 0.0172, phase= 19.34°, period= 23.1 h, p-value test= 2.59*10-9; Mg⁺ 

parameters: Baseline= 0.412 ppm, m= -6.671*10-4, amplitude= 0.0094, k= 1.96*10-9, 

phase= 20.6 h, period= 23.5 h, p-value test= 0.00561). In contrast, Na⁺ and Ca²⁺ did not 

display significant oscillations (data not shown). The phases of the chloride, potassium, 

and magnesium oscillations were closely aligned (Cl: 19.6 h, K: 19.3 h, Mg: 20.6 h), 

suggesting that these ions may undergo coordinated circadian regulation.  

These data provide preliminary but encouraging evidence that intracellular chloride, along 

with potassium and magnesium, may undergo circadian oscillations in human cells. The 

absence of detectable Ca²⁺ oscillations is not surprising, as calcium is a tightly regulated 

second messenger; its signalling is typically fast, highly localized, and tightly buffered 

within subcellular compartments. In contrast, the lack of a clear Na⁺ rhythm is more 

unexpected; however, it should be noted that U2OS cells are a cancer-derived line and 

may exhibit altered osmotic or ionic regulatory pathways, which could mask or disrupt 

circadian sodium oscillations. Importantly, iClima was proved capable of detecting chloride 

fluctuations in a physiologically relevant context. However, several limitations should be 

noted such as the fact that chloride data dispersion increased toward the end of the 

recordings, reducing robustness. This might also be influenced by ongoing cell division, 

which can disrupt population synchrony and contribute to increased variability in the late 

measurements. Moreover, circadian rhythmicity was not directly demonstrated, as we did 

not manipulate the circadian period pharmacologically (e.g. by lengthening with specific 

drugs); Finally, the use of U2OS, a cancer-derived cell line, limits the physiological 

interpretation of ion rhythms. Nevertheless, even if preliminary, the synchronized 

oscillations of Cl⁻, K⁺, and Mg²⁺ with ~24 h periodicity represent a strong indication that 

ionic homeostasis may be under circadian control in human-derived cells, and that iClima 

can serve as a powerful tool to investigate these dynamics in living cells. 
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Figure 16: Circadian control of ionic homeostasis in U2OS cell. a) Schematic of the experiment. The 

circadian rhythm of U2OS cells was entrained with temperature cycle. Cells were subsequently subjected to 

different analyses to assess: circadian phase by bioluminescence, intracellular chloride by iClima imaging, 

and additional ions by MP-AES. b) Raw luminescence images of PER2:Luc and pBMAL1:Luc reporters during 

the first 24 h. c) Top: Average detrended luminescence profiles of PER2:Luc and pBMAL1:Luc in U2OS cells 

(see Methods 5.11 for detrending procedure).  Middle: Black dots indicate the average red/green fluorescence 

ratio across all imaged cells (error bars = SEM); the red curve represents the fit (p < 0.001). Bottom: Black 

dots indicate average intracellular concentration from 8 plates of K⁺ and Mg²⁺, respectively (error bars = SEM); 

red curves represent their corresponding fits (K⁺ p < 0.01, Mg²⁺ p < 0.001; ppm, parts per million). 

 

3.4.3 Dynamics of [Cl-]i during epileptic activity 

After characterizing the iClima sensor in vitro, we next aimed to test whether the sensor 

was also functional in vivo, and specifically whether it was sensitive enough to detect large 

chloride transients associated with epileptic activity. To this end, we performed in utero 

electroporation (IUE) to express the sensor in cortical pyramidal neurons of V1 superficial 

layers as in Dal Maschio et al., 2012. Electroporation was performed using a plasmid 

encoding iClima under the CAG promoter, with expression specificity determined by the 

timing of electroporation and the position of the electrodes. Out of six pups born, four 

exhibited fluorescence cells, indicating successful sensor expression. 

Starting from P29, mice were anesthetized with urethane for imaging sessions performed 

at ZT5. During the surgical preparation, an imaging window was implanted, leaving space 

to allow the insertion of a capillary electrode for local field potential recording. This setup 

enabled simultaneous two-photon imaging and LFP monitoring (Figure 17a). For each 

mouse, spectral series were acquired over multiple fields of view, resulting in the analysis 

of at least 30 neurons per animal (Figure 17b). The median baseline values measured 

across animals were [Cl⁻]ᵢ = 6.3 mM and pH = 7.0 (Figure 17c). To test whether iClima 
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could report large chloride fluctuations during epileptic events, seizures were 

pharmacologically induced by local administration of 4-aminopyridine (4-AP) and 

VU0463271 at mid-day. VU0463271 is a selective blocker of the KCC2 cotransporter, 

which causes a moderate elevation of [Cl⁻]ᵢ in cortical neurons. When combined with 4-

AP, this condition reliably induces seizure activity at this circadian timepoint (Pracucci et 

al., 2023). Neural activity was monitored through simultaneous LFP recordings and two-

photon imaging at a single excitation wavelength (sensor’s isosbestic point), allowing 

correlation of optical signals with electrophysiological activity. Of the four fluorescent mice, 

one died during the early phases of the experiment; therefore, only three mice were 

included in the subsequent seizure analysis. During epileptic episodes, clearly visible in 

the electrophysiological traces, the green fluorescence signal showed a marked decrease 

(Figure 18a-b), consistent with a rise in intracellular chloride concentration. This signal 

recovered after the seizure terminated. Closer inspection of individual seizure events 

revealed that [Cl⁻]ᵢ reached values up to ≈40 mM, calculated assuming a stable pH 

(Figure 18c). To quantify the kinetics of chloride transients, the green/red fluorescence 

ratio was extracted for each imaged neuron around the onset and offset of seizures. 

Averaged traces were then fitted with a logistic function for the rising phase and a single 

exponential function for the decay. From these fits, we estimated a half-rise time of t = 2.6 

s and a decay time constant (τ) of 18 s (Figure 18d). 

These experiments demonstrate that iClima is functional in vivo, allowing not only the 

measurement of absolute intracellular chloride concentration but also the temporal 

dynamics of chloride changes during pathophysiological events. In particular, during 

epileptic seizures, we observed a robust and transient accumulation of intracellular 

chloride, followed by a gradual recovery. iClima thus proves to be a powerful tool for 

monitoring both the amplitude and the kinetics of chloride transients in living brain tissue. 

 

Figure 17: Chloride measures in IUE mice. a) Schematic representation of the experiment: simultaneous 

LFP and 2-photon imaging was performed in anesthetized mice expressing iClima in pyramidal neurons. 

Generated with Biorender. b) Representative imaging field. c) Cumulative pH (left) and chloride (right) results. 

Each symbol represents the median pH and [Cl-]i for each experimental mouse. For each mouse we measured 

[Cl-]i in a variable number of cells dependent on the quality of the sensor transfection (n: 34, 30, 43, 59). 
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Figure 18: Dynamic of an epileptic seizure studied with iClima. a) A representative recording shows 

several ictal events that were detected both in the LFP recording and by imaging. [Cl-]i rapidly increases during 

each seizure as shown by the increase of the green/red ratio. b) Left, imaging at the isosbestic point of the 

timeframes indicated in ‘a’ (top, baseline; middle, epileptic seizure; bottom, post-seizure). Right, same as the 

left with color coded estimates of [Cl-]i values. c) Zoom-in of an ictal event showing the relationship between 

the [Cl-]i changes (top) and the LFP spectrogram (bottom). d) Zoom-in of pyramidal chloride dynamics (gray 

curves) during seizure onsets and seizure ends. The median behavior was fitted (red curve) and time 

constants were shown.  

 

3.4.4 iClima detects evoked chloride transients elicited 

by visual stimulation 

Understanding the spatiotemporal dynamics of inhibitory signalling in the visual cortex is 

essential for deciphering how sensory processing is regulated in vivo. Although inhibition 

plays a key role in shaping excitatory responses, direct measurement of inhibitory 

postsynaptic events in vivo, particularly during physiological activity, has remained 

challenging. To address this, we used iClima, to monitor chloride transients in layer 2/3 

pyramidal neurons of the primary visual cortex of awake and anesthetized mice during 

visual stimulation. Our goal was twofold: (1) to determine whether inhibitory responses 

could be reliably detected in vivo with this approach, and (2) to characterize the temporal 

profile of these responses to different visual stimulation under different physiological 

states. 

A total of 11 mice were transfected with iClima and implanted with chronic cranial windows 

over V1. Mice were then handled daily and subsequently habituated to head-fixation on 

the imaging setup (a custom wheel under the two-photon microscope). Following 

habituation, each mouse underwent multiple imaging sessions under different 

experimental conditions: daytime (around midday) vs nighttime (around midnight), and 

either in the awake, head-fixed condition or under light isoflurane anesthesia. During 

awake imaging, mice were free to locomote on the wheel. During anesthetized recordings, 

mice body temperature was maintained with a heating pad. Within each imaging session, 

visual stimuli were presented multiple times (typically 10 repetitions, minimum 5). Not all 

mice were recorded in all combinations of condition (day/night × awake/anesthetized); 

inclusion of data was evaluated on a per-animal, per-session basis. 

The primary stimulus used for this analysis was a full-field luminance step: after a baseline 

dark screen, the display was switched to a bright uniform luminance for 20 s, followed by 

a return to darkness. This paradigm is known to evoke strong excitatory and inhibitory 

responses in V1 neurons, with inhibitory components often peaking shortly after stimulus 

onset (Tucker & Fitzpatrick, 2006). Using iClima, we observed clear chloride transients in 

CaMKII-positive neurons, indicating net inhibitory drive at both stimulus onset and offset 

(Figure 19a), with an average peak reaching 2.31% in the onset and 1.17% in the offset 

response.  Strikingly, these inhibitory responses could be detected robustly across 

animals, representing, to our knowledge, the first demonstrations of in vivo chloride 

imaging of visually evoked inhibition with a physiological stimulus. Interestingly, although 

the 2.31 % peak change might appear small, it corresponds (assuming a cytosolic pH of 

7.4) to an estimated chloride load of approximately 370 µM entering the cell (see methods 



PhD Thesis | Giacomo Pasquini 

58 
 

5.13). Such a modest increase is physiologically plausible given that the stimulus is 

naturalistic, and highlights the sensitivity of iClima in resolving small fluctuations of 

intracellular chloride within the physiological range for the first time.  

Quantitative analysis of the peak amplitudes and their latencies revealed no significant 

differences between recordings performed at midday and those performed at midnight, 

either in the awake or anesthetized state (Mann-Whitney tests not significant). This 

allowed me to pool all daytime and nighttime data within each physiological condition 

(awake/isoflurane) (Figure 19b). Considering all pooled awake and isoflurane sessions, 

we then measured the amplitude of the responses at stimulus onset and offset (Figure 

19c). No significant difference was observed between the onset peak amplitudes when 

comparing awake and anaesthetized groups (Mann–Whitney test, p=0.27). However, a 

significant difference emerged between the offset peaks in the two conditions, with awake 

animals showing a larger response comparing to isoflurane (one-tailed Mann–Whitney 

test, awake > isoflurane: p = 0.0089). Furthermore, within each condition, the offset peak 

was consistently smaller than the onset peak (one-tailed Mann–Whitney test, awake: p = 

0.0049; isoflurane: p = 0.01016). In addition, no significant difference was found between 

the latencies of the onset and offset peaks, which occurred with an average of 3.5 s and 

2.8 s, respectively (Mann–Whitney test, p=0.06869). Together, these results suggest that 

the onset-evoked chloride response is more stereotyped and robust across brain states, 

as it remains comparable between awake and anesthetized conditions. In contrast, the 

offset response appears less stable and more state-dependent, as it is strongly attenuated 

under isoflurane anesthesia. Additionally, when present, the offset peak consistently 

reaches a lower amplitude than the onset peak, indicating that stimulus offset drives a 

weaker inhibitory response compared to stimulus onset. 

To further characterize the population response decay, the average awake and isoflurane-

anesthetized sessions were then fitted for the ON- and OFF-responses using a single-

exponential model, with the constraint that the signal must return to the pre-stimulus 

baseline (0%). Under awake conditions, the two time-constants were comparable 

(τON=6.58 s,  τOFF=4.08 s), whereas under isoflurane anesthesia, the ON-response 

recovery was substantially slower (τON=12.4, τOFF=5.0s). Isoflurane is known to prolong 

GABAA-mediated IPSCs and to enhance tonic inhibition by increasing activation of 

extrasynaptic receptors (Jia et al., 2008; M. V. Jones & Harrison, 1993). Such a persistent 

tonic drive during the stimulus might result in residual inhibitory input that slows the return 

toward baseline. To verify whether this apparent slowing of recovery was driven by a true 

change in kinetics or by a shift in the steady-state level, we repeated the fit using a model 

with a free asymptote. Remarkably, with this approach the fitted time constant for the 

isoflurane ON-response became comparable to the OFF-response and to awake 

conditions (τON=4.94 s), whereas the fitted steady-state limit was significantly shifted 

compared to baseline (fitted asymptote: -0.53%). Importantly, fitting with a free asymptote 

in awake mice had only a minor effect, resulting in a τON of 6.58 s and an asymptote very 

close to baseline (−0.12%). This result suggests that under isoflurane, the recovery 

kinetics per se are not slower, but the system converges toward a new steady state during 

the stimulus period. This is consistent with the known effects of isoflurane, which 

enhances tonic inhibition by activating extrasynaptic GABAA receptors. Such sustained 

inhibitory drive could maintain elevated intracellular chloride levels during the stimulus, 
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effectively shifting the equilibrium potential and resulting in a non-zero asymptote, without 

altering the intrinsic time constant of chloride extrusion. 

 

Figure 19: Chloride responses to step of light. a) Average chloride response of pyramidal cells (CaMKII+) 

to a step of light lasting 20s. Thick line, average across mice. Thin lines are average of multiple recording 

sessions and multiple cells of single mice. Below, schematic represents the light evolution of the screen. b) 

Average chloride response of the awake-mouse (above) and isoflurane anesthetized-mouse sessions (thick 

line). Thin lines represent the average of multiple cells in each experimental session. Scalebar is the same of 

fig. a).  c) Chloride peak amplitude detected after the onset and offset of the light step. d) Exponential decay 

fit of the average chloride response in the awake (above) and anaesthetized (below) animals. Red lines 

represent the on-response decay fit while the off responses are fitted by the blue lines. Decay times of the fit 

are shown. 

 

In addition to the full-field luminance step, we presented a drifting horizontal grating 

stimulus to a subset of mice. In this paradigm, the display was first set to a uniform gray 

background, followed by the presentation of a high-contrast (circa 100%) horizontal 

grating drifting continuously for 5 s, with its mean luminance matched to the gray baseline. 

Strikingly, all animals that were shown the drifting grating (10/10) exhibited clear inhibitory 

responses, with an average peak of 2.48% that occurred at approximately 3 s after 

stimulus onset (Figure 20a). The magnitude of this response is comparable to that 

observed with the luminance step paradigm, further supporting the sensitivity of iClima to 

detect small, transient fluctuations of intracellular chloride in vivo. 

As with the luminance step, the peak amplitude and latency were quantified across 

animals. No significant differences emerged between day and night recordings within 

either physiological condition (awake or anesthetized; Mann–Whitney tests, n.s.), which 

allowed pooling of data across time-of-day for each state. When comparing awake and 
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anesthetized animals, a clear difference was observed in peak latency: under isoflurane, 

the population peak occurred earlier (mean peak time = 2.5 s) compared to awake animals 

(mean peak time = 4.5 s; Figure 20b). In contrast, peak amplitudes were similar across 

groups, although awake animals displayed a slightly higher response (mean peak 

amplitude = 2.94% vs. 2.51% under isoflurane). We next characterized the recovery 

phase following stimulus offset by fitting the population-averaged traces with a single-

exponential decay model including a free asymptote. Under awake conditions, the fitted 

time constant was τ = 6.1 s, consistent with the step-evoked responses. Under isoflurane 

anesthesia, the recovery was slightly slower (τ= 9.5 s), consistent with prolonged chloride 

clearance. Taken together, these results suggest that isoflurane anesthesia not only 

modulates the strength of inhibitory drive but also alters the temporal dynamics of visually 

evoked responses. The earlier peak latency under isoflurane may reflect facilitated 

activation of GABAA receptor, which has been shown to occur at lower agonist 

concentrations in the presence of volatile anaesthetics (Franks & Lieb, 1994). The slower 

recovery phase, in turn, may result from the well-documented effect of isoflurane to 

prolong GABAA  channel open times and enhance tonic inhibition through extrasynaptic 

receptor activation (Jia et al., 2008). Together, these effects may shift the network toward 

a more strongly inhibited state, resulting in an earlier onset of inhibitory responses and a 

more prolonged return to baseline. 

In the case of the 5-s drifting grid stimulus, we noticed that the rising phase of the response 

often peaked surprisingly late relative to stimulus onset, with some animals showing peaks 

even after stimulus offset. This observation raised the possibility that the 5-s stimulus 

duration might be too short to fully capture the kinetics of the chloride transient. To better 

resolve the temporal profile of the inhibitory response, we extended the grid duration to 

10 s while maintaining identical luminance and contrast conditions. As for the previous 

paradigms, no significant differences were found between recordings performed at 

midday and those performed at midnight, either in the awake or isoflurane condition 

(Mann–Whitney tests not significant). Consequently, daytime and nighttime data were 

pooled within each physiological state. Under this 10-s stimulation, the population average 

again exhibited a robust inhibitory response, with a mean peak amplitude of 1.98 % and 

a latency of 4.5 s from stimulus onset (Figure 20c). The longer stimulus duration allowed 

us to more accurately follow the evolution of the response over time. Interestingly, rather 

than displaying a simple exponential decay immediately after the peak, as observed for 

both the flash and the 5-s grid paradigms, the 10-s grid responses showed a plateau 

phase that persisted for several seconds before gradually returning toward baseline. This 

plateau suggests that, under sustained visual drive, inhibitory signalling may reach a 

quasi-steady state before chloride extrusion mechanisms re-establish baseline levels. 

Beyond these findings, the use of iClima also enabled imaging with improved temporal 

resolution. All recordings described so far were acquired with a time resolution of 2 frames 

per second. However, by restricting the acquisition to a smaller portion of the field of view 

(Figure 20e), we were able to achieve a frame rate of 30 Hz. Reaching this temporal 

resolution allows the frame rate to exceed the characteristic timescale of the 5-s drifting 

grating response, effectively oversampling it and better resolving the kinetics of the 

sensor’s response. This oversampling enables averaging of the response over multiple 

frames, which in turn reduces noise and improves the signal-to-noise ratio. From this 



Results 

61 
 

recordings, distinct responses to the visual stimulus were observed in both the cells within 

the imaged field (Figure 20f). This demonstrates that iClima can discriminate inhibitory 

activity across different pyramidal neurons within the same imaging plane and, in principle, 

provides the capability to resolve inhibitory signaling at the single-cell and single-trial level. 

 

Figure 20: Chloride responses to grid. a)  and c) Average chloride response of pyramidal cells (CaMKII+) 

to a moving grid lasting 5 s (figure a) and 10 s (figure c). Thick line, average across mice. Thin lines are 

average of multiple recording sessions and multiple cells of single mice. Schematic represents the light 

evolution of the screen. b) and d) Average chloride response of the awake-mouse (above) and isoflurane 

anesthetized-mouse sessions (thick lines) for the 5 s (figure b) and 10 s (figure d) gratings. Thin lines are 

average of multiple recording sessions and multiple cells of single mice. Scalebar is the same as figure a and 

c. e) Average projection (30 Hz time series) of a field of view where 2 ROIs are depicted. f) Representative 

Cl- transients in response to a single grid presentation in the two cells as indicated in e. 
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3.4.4.1 Validation of stimulus-evoked iClima signals 

To further validate that the signals observed with iClima truly reflect visually driven 

neuronal responses a series of control experiments were carried out. A first potential 

concern is that photons from the stimulation screen could directly enter the microscope’s 

optical path, thereby contaminating the detected fluorescence signal. In theory, this could 

happen if light from the stimulus monitor bypassed the sample and reached the detectors. 

We know that such contamination can indeed occur. To get rid of this contamination, we 

record movies under identical stimulation conditions but with the laser turned off, and then 

subtract this “dark” movie from the imaging data. However, this approach relies on the 

assumption that the contamination measured in the dark movie is sufficiently similar to 

that occurring during actual imaging. To ensure that the dark correction we apply is 

sufficient, we repeated the visual stimulation protocol under identical screen conditions in 

presence of an optomechanical “hard shutter” located in the laser path upstream of the 

microscope entrance. The shutter was controlled by an Arduino board and was alternately 

opened and closed on a frame-by-frame basis, such that every second frame was 

acquired with the laser completely blocked (“dark frame”) (Figure 21a). This acquisition 

scheme provided two key advantages. First, it allowed us to subtract the true, frame-by-

frame dark signal from each ROI during the experiment itself, rather than relying on 

separate dark recordings obtained before or after the real acquisition. Second, it enabled 

us to directly analyze the dark frames themselves and estimate the extent to which light 

contamination from the stimulus display could, in principle, affect the ratiometric signal. 

Visual stimulation consisted of an equiluminant gray screen followed by five repetitions of 

a 5-s drifting grid (100 % contrast) interleaved with 3-s gray periods, for a total of 40 s of 

stimulation, followed by a post-stimulus recovery epoch. ROIs were manually drawn 

around pyramidal cell somata, and for each ROI the corresponding dark frame signal was 

subtracted on a frame-by-frame basis (Figure 21b). Even after this correction, which 

explicitly removed any contribution from light leakage, the average responses to visual 

stimulation remained robust (Figure 21c). This result strongly suggests that the observed 

fluorescence changes are not due to contaminating photons but rather reflect a 

biologically driven change in intracellular chloride. Importantly, this subtraction was ROI-

specific and thus preserved the “spatial” pattern of the correction (note that, with scanning 

microscopy, a spatial pattern is actually a temporal pattern), further minimizing the 

possibility of residual artifacts. 

Next, we asked to what extent could this contaminating light affect our measurement, 

under the assumption that no chloride dependent change in fluorescence happens in our 

neurons. To quantify this, we generated artificial time series for each cell and each channel 

as the sum of a constant F and a time series D(t). F is the baseline fluorescence measured 

for a cell ROI in one of the two channels, which in our assumption is constant (no chloride 

dependent signal). D(t) is the time series for the same cell ROI in absence of 2P excitation 

(the so called “dark”). These artificial traces therefore represent the fluorescence signal 

that would be expected if the only source of change were fluctuations in the dark signal. 

Analysis of these artificial cells revealed extremely small ΔR/R₀ responses compared to 

the real response (Figure 21d). Moreover, the temporal profile of these signals was 

completely different to the responses observed in real cells. 
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Finally, to exclude other potential confounding such as motion artifacts or hemodynamic 

responses, we repeated the 5-s grid stimulation protocol in a separate cohort of mice 

expressing LSSmClopHensor, a ratiometric sensor with a much lower sensitivity to 

intracellular chloride compared to iClima. Imaging was performed at the respective 

isosbestic point for each sensor to limit pH dependency of the measure. Analysis of 121 

ROIs from iClima-expressing neurons confirmed the presence of a robust peak response, 

whereas 149 ROIs from LSSmClopHensor-expressing neurons showed no significant 

response (Figure 21f-g). Together, these results strongly support the interpretation that 

the responses measured with iClima represent true, stimulus-evoked chloride transients 

rather than optical or hemodynamic artifacts. This data also demonstrates the large 

increase of sensitivity provided by iClima compared with the previous state-of-the-art 

sensor. 
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Figure 21: Control experiments confirming the specificity of visually evoked iClima signals. 

a) Schematic of the acquisition protocol used to cope with potential light contamination from the visual display. 

A mechanical shutter was inserted in the excitation laser path and alternately opened or closed on a frame-

by-frame basis, yielding interleaved “light” and “dark” frames. b) Representative dark traces (red and green 

channels) of a ROI during visual stimulation (yellow shading). The dark-frame signal was subtracted on a per-

ROI basis frame by frame. c) Population-averaged ΔR/R₀ responses (thick line, mean; thin lines, trials) to five 

repetitions of a 5-s drifting grating stimulus after dark-frame subtraction. Above: real cells. Below: “artificial” 

cells. The persistence of robust visually evoked responses demonstrates that detected signals are not due to 

stray light from the stimulus monitor. d) and e) Comparison of the peak amplitude (Figure d) and peak lag 
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(Figure e) between real cells and artificial cells. f) and g) Comparison between responses recorded in iClima- 

and LSSmClopHensor-expressing neurons under identical visual stimulation. While iClima-expressing 

neurons (red) exhibited significant visually evoked chloride responses, LSSmClopHensor controls (blue) 

showed no detectable signal changes. Box plots summarize peak ΔR/R₀ values across all ROIs. 

 

3.4.5 Locomotion correlates with Cl- transients in visual 

cortex 

As described in the previous chapter, a subset of experiments were conducted awake, 

head-fixed mice positioned on a freely rotating wheel under the two-photon microscope 

(Figure 22a). The awake animals could move spontaneously while neural activity was 

continuously monitored. This opened the possibility to explore how locomotion influences 

intracellular chloride concentration and thus, cortical inhibitory dynamics.  Indeed, 

previous studies have shown that inhibitory activity in visual cortex is strongly modulated 

by locomotion (see Introduction 2.2.5.1). Thus, we expect that [Cl-]i dynamics in pyramidal 

neurons might provide a new layer of detail on the role of inhibition in visuo-motor 

integration.  

To test this hypothesis, the previously recorded two-photon imaging data were analyzed, 

focusing specifically on spontaneous transitions between stationary and running states. 

Segments of recordings in which no visual stimulus was presented were selected, to 

isolate locomotion effects. The dataset included recordings from 11 different mice that met 

the quality and behavioural criteria described below. Two distinct classes of events were 

identified. In the first, the animal remained stationary for at least 10 s before initiating 

running for at least 4 s. In the second class, the animal had been running for at least 10 s 

and then stopped, remaining still for at least another 10 s. Speed and chloride ratio traces 

were aligned on the transitions, namely time = 0s. 

When the mouse started running, we observed a rise of intracellular Cl⁻ concentration in 

pyramidal neurons (Figure 22c). The average signal reached its peak 3 s after locomotion 

onset, with an average amplitude of ΔR/R0 about 4.3%, that supposing a pH of 7.2 is 

equivalent to a physiological chloride entry of ~1 mM (see methods 5.13). This finding is 

in line with the well-established increase in inhibitory activity during locomotion in visual 

cortex (see introduction 2.2.5.1). When locomotion ceased, the chloride signal gradually 

returned to baseline levels (Figure 22d). The decay phase could be well described by an 

exponential function with τ = 4.6 s. Interestingly, the time constant obtained here is 

comparable to the recovery time observed after visually evoked Cl⁻ responses, suggesting 

that both locomotion- and stimulus-driven chloride dynamics share mechanisms of 

homeostatic regulation. Only the offset transitions allowed for reliable fitting, since, by 

definition, the mouse remained still for at least ten seconds after stopping, ensuring a 

stable post-locomotion baseline.  

To understand whether the chloride responses elicited by visual stimulation and 

locomotion are additive, we next analysed trials in which grids were presented. Each trial 

was classified according to the animal’s behavioural state during the period surrounding 

stimulus onset. They were labelled as runnig when the mouse’s speed exceeded 1 cm/s 

for at least 80% of the time within a six-second window centred on the stimulus onset 
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(from –3 to +3 s). Not-runnig trials were defined as those in which the mouse remained 

below this threshold for the entire period extending from 10 s before to 10 s after the 

stimulus. All trials form the same session were normalised to a common baseline 

calculated exclusively from not-running periods. As expected, the traces corresponding to 

running trials displayed a higher pre-stimulus baseline (3.4 %) than those recorded during 

non-running periods, indicating that locomotion alone increases intracellular chloride. 

Despite this difference in baseline, both conditions showed comparable stimulus-evoked 

transients when their respective baselines were subtracted: in both cases, the visually 

evoked chloride response had a similar amplitude with a peak-to-baseline difference of 

2.3% in the not-running and 2.8% in the running trials (Figure 22d).The data therefore 

suggest a linear summation between the two processes. 

 

Figure 22: Locomotion induce Cl- transients. a) Illustration of the experimental conditions: the mouse could 

freely walk over the wheel under the microscope. b) Comparison between Cl- transients (black, top) and 

locomotion (orange, bottom). c) Kinetic of the Cl- transients (Top) in correspondence of the start of movement 

(Bottom). Gray traces, single trials. Bold curves, averages. d) Same ad in c, representing the end of 

movement. Cl- recovery was fitted with an exponential decay function, shown in red. e) Top, Comparison 

between grating-induced Cl- transients in trials when animals were running and not-running for the whole 

length of the trace. Bottom, Locomotion average in the same trials (the blue curve is shown but flat to zero 

values). Bold curves, averages. Shaded areas, standard deviations. 
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3.4.6 The onset of Cl- transients integrates gamma 

activity 

To investigate how inhibitory activity contributes to visually evoked chloride transients in 

pyramidal neurons, we performed in vivo electrophysiological recordings in urethane-

anesthetized mice (n = 6). Visual stimulation consisted of a step of steady light (10 cd/m², 

20 s duration) presented on a dark background, identical to the protocol used in the 

chloride imaging experiments (Figure 23a). Recordings were obtained with 16-channel 

silicon probes (Neuronexus, single-shank, 25 µm site spacing, total span ≈ 450 µm) 

inserted perpendicularly into the visual cortex. 

Local field potentials (LFPs) were filtered in the 20–48 Hz range to isolate low-gamma 

oscillations. Power in this frequency band was computed in short moving windows and 

normalized to baseline activity (ΔPower/Power). Visual stimulation reliably induced 

gamma responses at both light onset and light offset (Figure 23b). On average, gamma 

power increased by 37% at light onset and by 31% at light offset. Similar to chloride 

imaging experiments, the onset response was consistently larger than the offset response 

(Figure 23d-e). Response latencies did not differ significantly between onset and offset, 

suggesting comparable temporal dynamics. Notably, the onset gamma peak appeared 

more consistent across trials and animals compared to the offset response. 

From the same recordings, multi-unit activity (MUA) was extracted to assess spiking 

responses (Figure 23c). Across trials and channels, the analysis of MUA revealed clear 

increases in firing rate following both stimulus onset and offset. These peaks in spiking 

activity corroborate the notion that both transitions in luminance engage cortical 

excitatory-inhibitory feedback. To directly compare electrophysiological and optical 

measurements, I compared the temporal dynamics of gamma and chloride transients. 

Interestingly, the rising phase of chloride accumulation closely followed the integrated 

gamma power in both onset and offset conditions (Figure 23f). This alignment suggests 

that inhibitory-driven gamma oscillations and chloride net flux in pyramidal neurons are 

temporally coupled. Given that gamma oscillations emerge from recurrent interactions 

between excitatory pyramidal cells and inhibitory interneurons, the data support the 

interpretation that chloride influx reflects interneuron-mediated inhibition underlying 

gamma generation. 
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Figure 23: Visual-evoked electrophysiological activity correlates with chloride transients in pyramidal 

neurons. a) Top: Schematic of the visual stimulation protocol: a 20 s luminance step (10 cd/m²) presented on 

a dark background. Bottom: Average gamma power (20–48 Hz) across all trials, channels, and mice (n = 6), 

normalized to baseline (ΔPower/Power%). b) Example LFP trace from a single channel in one trial. c) Top: 

MUA probability, computed per mouse by summing spikes across channels and trials, then averaged across 

animals (blue). Bottom: Example MUA raster plots from one channel across 5 stimulus presentations. d) 

Relationship between gamma activity (black) and chloride transients (magenta). Black curves are the 

averages among different mice and shaded area indicates ±SD of gamma power (plotted above baseline 

only). Left: onset response; Right: offset response, corresponding to the highlighted windows in panel b. e) 

Peak gamma amplitudes for onset and offset responses across mice. On responses were significantly larger 

than off responses (Wilcoxon signed-rank test, p = 0.04675). f) Normalized temporal dynamics of chloride 

transients and integrated gamma activity. Each trace was normalized to its own peak and aligned to stimulus 

onset (0 s) and offset (20 s).
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4. Discussion 
This doctoral project, carried out over four years, focused on intracellular chloride and its 

contribution to cortical physiology and pathophysiology. The project was guided by two 

main objectives. First, to employ a previously published genetically encoded chloride 

sensor (LSSmClopHensor) to investigate how neuronal [Cl⁻]ᵢ is modulated under different 

conditions. Second, to improve the sensitivity and temporal resolution of in vivo [Cl⁻]ᵢ 

measurements and use this refined tool to test biophysically driven hypotheses about 

chloride dynamics under circadian control, during sensory and behavioural processing, 

and in epileptiform states. 

From results previously obtained in our lab, we knew that [Cl-]i follows a diurnal cycle in 

pyramidal neurons, being “low” during the resting/light phase (ZT5) and “high” during the 

active/dark phase (ZT17) (Pracucci et al., 2023). An independent study performed in 

Oxford at the same time of our study suggested that the night shift of [Cl-]i is due to the 

increased activity during the active phase (Alfonsa et al., 2023). To test if the shift in [Cl-]i 

we measured is activity dependent, I used LSSmClopHensor to monitor the effect of 4h 

prolonged darkness on neuronal [Cl-]i at ZT5. Despite higher locomotor activity in 

prolonged darkness, [Cl⁻]ᵢ remained comparable to ZT5 time point and significantly lower 

than at the nominal night point. This data supports, but are not a proof, of a primarily 

circadian control of [Cl⁻]ᵢ and argues against a trivial dependence of [Cl⁻]ᵢ on acute light 

or sleep per se. Our result enters an active debate, because other studies (Alfonsa et al., 

2023, 2025) reported a primary dependence of [Cl⁻]ᵢ on sleep state rather than on 

circadian phase. Methodological differences are likely relevant here. Indeed, Alfonsa et 

al. subjected animals to a more intrusive behavioural manipulations (i.e. active 

manipulation to prevent sleep), condition that can introduce stress. Moreover, many 

experiments of Alfonsa et al. were performed ex vivo. In contrast, our approach relied on 

in vivo chloride measurement. Anyway, both studies converged on finding a similar daily 

cycle in [Cl⁻]ᵢ, increasing the confidence of this relevant finding. 

We next examined the effect of REM sleep deprivation on pyramidal neurons of prefrontal 

cortex using a literature standard protocol (Mendelson et al., 1974). The data show that 

REM sleep deprivation increases [Cl⁻]ᵢ at midday (ZT5), the trough of its circadian cycle. 

The result suggests that this form of sleep loss affects chloride revealing (dys)regulatory 

influences beyond circadian phase. A reasonable alternative interpretation is that the 

sleep deprivation protocol we used caused some degree of stress, even if widely used in 

literature. Stress may in turn elevates [Cl⁻]ᵢ through mechanism still unknown. To resolve 

these possibilities, future experiments should include concurrent endocrine and 

behavioural stress readouts (Nyuyki et al., 2012; Siddique et al., 2018), so that 

deprivation-induced effects can be disentangled from putative stress-induced ones.  

So far, we investigated relevant questions using LSSmClopHensor, which allows to 

perform quantitative measures of steady state [Cl-]i. However, we reasoned that this 

GECS had limited utility due to the strong pH dependency of the fluorescence. This 
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requires performing in vivo 2P spectroscopy to measure pH, limiting the use of this sensor 

on steady state conditions only. Also, the sensor pKa of 6.67 resulted in a low Cl- affinity 

at physiological pH (Kd’ = 56 mM). 

To overcome the pH sensitivity and affinity limitations of earlier sensors, we developed 

and characterized a new GECS, which we called iClima (for improved chloride imaging). 

Similarly to its predecessor, iClima’s architecture combines a green chloride- and pH-

sensitive reporter with a pH- and chloride-insensitive red reference in a ratiometric format. 

Calibrations defined a high pKa and a well behaved isosbestic point. Together with a Kd 

that matches the [Cl⁻]ᵢ in adult pyramidal neurons, these properties reduce residual pH 

contamination within the physiological range and improve sensitivity to small [Cl⁻]ᵢ 

excursions. In practice, this enables more reliable absolute measures of Cl- and the 

possibility of resolving smaller Cl- fluctuations. Importantly, in iClima the red reference 

fluorophore is mCRISPRed, differently from LSSmClopHensor that owns LSSmKate2. 

mCRISPRed is characterized by higher brightness and improved photostability compared 

to LSSmKate2 (photobleaching half-times: mCRISPRed ≈ 93 s, LSSmKate2 ≈ 44 s 

Piatkevich et al., 2010; Subach et al., 2021). This enhanced stability reduces signal decay 

during prolonged imaging and, in principle, allows either for longer time-series acquisitions 

or for denser sampling at higher acquisition frequencies, thus enabling a finer 

discrimination of chloride dynamics. 

Using iClima in the non-neural human U2-OS cell line, a circadian chloride oscillation with 

a period near 24 hours was detected. The phase relationship to canonical molecular 

clocks indicates that chloride participates in broader cellular rhythms beyond the nervous 

system. This is in line with previous observations of ions oscillations in non-neural cells 

(Feeney et al., 2016; Stangherlin et al., 2021). The ability to resolve such small, long-

timescale fluctuations illustrate the sensitivity and stability of iClima in non-neuronal 

contexts, which strengthens confidence in its performance. In vivo, iClima reliably reported 

large chloride transients during evoked epileptic seizures. We quantified onset and 

recovery kinetics, that were consistent with a substantial chloride load during pathologic 

hyperactivity. 

Having confirmed that iClima performs reliably in vivo, being sensitive to large pathological 

variations in [Cl⁻]ᵢ, we next explored its limits of detection. Specifically, we asked whether 

it could resolve the much smaller [Cl⁻]ᵢ changes induced by physiological GABAergic 

activity, which are likely to be over an order of magnitude lower. Indeed, iClima 

successfully detected chloride responses to visual stimulation in cortical pyramidal 

neurons, providing the first in vivo optical readout of chloride (inhibitory synaptic) currents 

under physiological conditions. Light step onsets and offsets produced small but 

reproducible chloride transients with a decay constant on the order of seconds, 

measurable in both awake and anesthetized mice. The improved sensitivity of iClima 

enabled the estimation of inhibitory chloride loads within the physiological range, signals 

that were undetectable with LSSmClopHensor. Visual stimuli elicited only a modest 

change in the fluorescence ratio, with a peak increase of ~2.31%. Assuming a cytosolic 

pH of 7.4, this corresponds to an estimated intracellular chloride load of approximately 

370 µM (see methods 5.13). This amplitude is markedly smaller than calcium responses 

typically observed with GCaMP indicators, where transient increases of intracellular [Ca²⁺] 

of only a few hundred nanomolar produce much larger fluorescence changes (ΔF/F > 
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50%. (Chen et al., 2013). Finally, high-temporal-resolution iClima imaging allowed the 

detection of single-cell, single-trial chloride responses, further highlighting the sensor’s 

exceptional sensitivity and stability. 

Moreover, the onset of chloride transients strongly resembled the time integral of gamma 

power activity. This concordance with electrophysiology supports the interpretation that 

chloride entry reflects inhibitory synaptic activity from interneuron classes that participate 

in gamma rhythms generation (Veit et al., 2017). 

Finally, in awake animals, locomotion alone produced transient [Cl⁻]ᵢ increases in V1 with 

second-scale kinetics. Visual stimulation and running combined approximately linearly, 

which matches the well-known locomotion-related gain modulation of cortical inhibition. 

The difference here is that the effect is documented directly at the level of Cl- currents in 

pyramidal cells. 

Some limitations deserve mention. Indeed, while iClima reduces pH sensitivity, extreme 

pH excursions would still need explicit control. Generation of a pH-insensitive sensor, with 

pKa further shifted toward more alkaline values, would address this issue. In addition, 

although recordings were performed both during the light and dark phases, we did not 

detect significant differences in the amplitude or kinetics of visually evoked chloride 

transients between day and night sessions. This was somewhat unexpected, as previous 

reports have described diurnal modulation of cortical excitability, as well as diurnal 

difference in the phosphorylation state of NKCC1 and KCC2 transporters (Alfonsa et al., 

2023, 2025; Pracucci et al., 2023). It is possible that spontaneous locomotion, which we 

found to strongly correlate with intracellular chloride increases in awake mice, acted as a 

confounding variable that masked potential day–night differences. Indeed, locomotion 

alone induced chloride transients of similar magnitude to those evoked by visual 

stimulation. Therefore, a more systematic control of behavioural state across circadian 

phases will be essential to disentangle genuine time-of-day effects from movement-

related modulation of inhibitory dynamics.  

Another aspect deserving consideration concerns the variability observed during iClima 

calibration. In particular, both the fluctuations of the radial coordinate (ρ) in the pH 

calibration and the variable dispersion of Rcl values across calibration and time-lapse 

imaging suggest that the apparent 1-to-1 stoichiometry between the two fluorescent 

proteins might not always be perfectly stable. This variability could arise from differences 

in the maturation kinetics of the two fluorophores: according to the online database 

FPBase (Lambert, 2019), the mClover3 has a maturation half-time of approximately 43.5 

min, whereas the mCRISPRed requires about 354 min to reach half-maximal 

fluorescence. A slower maturation of the red fluorophore could transiently unbalance the 

green/red ratio in dividing cells, such as the cells used during calibration. This 

interpretation is consistent with the greater variability observed in cultured cells compared 

to in vivo experiments. In non-dividing neurons, protein turnover is slow, and 

synthesis/degradation rates are relatively stable, probably leading to condition closer to a 

steady-state equilibrium between the two mature fluorophores. In contrast, cultured cells 

undergo continuous division and de novo protein synthesis, conditions under which 

asynchronous fluorophore maturation could increase the variability of the Rcl. This 

variability may represent a limitation for the accurate estimation of absolute [Cl⁻]ᵢ values 
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but does not compromise the reliability of ratio kinetics, which ultimately constitute the 

most relevant parameter for dynamic measurements. 

Regarding the practical application of the sensor, iClima offers a versatile and robust 

alternative to previous chloride indicators, both chemical and genetically encoded. A 

primary advantage over chemical sensors lies in its genetically encoded nature, which 

enables cell-type-specific targeting and supports stable, long-term measurements both in 

vitro and in vivo. The sensor can be readily delivered via in utero electroporation using 

plasmid constructs or through viral vector injection, providing a high degree of 

experimental flexibility. As with all GECS, iClima’s chloride sensitivity is inherently coupled 

to pH. However, the green fluorescent protein has been specifically optimized so that, 

within the physiological pH range, this dependence is minimized, thereby enhancing 

measurement reliability in biological conditions. From a technical perspective, the main 

hardware requirement is the ability to acquire two emission channels, either 

simultaneously or in rapid succession (e.g., using two-photon microscopy or spinning disk 

systems), which is a standard feature in most modern imaging facilities.  

The practical implementation of iClima depends on the experimental goal. When absolute 

chloride concentrations are required, iClima follows a calibration strategy conceptually 

similar to that of LSSmClopHensor. Although pKa and Kd are intrinsic properties of the 

sensor, calibration of the imaging system is necessary to account for factors such as 

fluorophore-specific bleed-through, the R₀ (green/red ratio at zero intracellular chloride), 

and detector gain differences. The latter can be corrected using a reference fluorophore 

(e.g., Rhodamine 6G), as described in Chapter 2.1.4.2. While these parameters currently 

depend on the specific microscope setup, we are developing a standardized 

methodological framework (to be described in a forthcoming methods article). This 

approach will allow users to scale reference excitation spectra according to instrument-

specific factors, thereby enabling the conversion of raw fluorescence measurements into 

quantitative estimates of intracellular pH and absolute chloride concentration with minimal 

additional complexity. 

When the aim is to measure relative changes in intracellular chloride, iClima represents a 

substantial improvement over previous sensors. The sensor dynamics can be analysed 

using approaches analogous to those commonly employed in calcium imaging 

experiments. However, as a turn-off sensor, iClima inherently exhibits a lower signal-to-

noise ratio compared to turn-on indicators. This limitation is further intensified by the fact 

that physiological chloride fluctuations, such as those elicited by visual stimulation or 

locomotion, are relatively small in amplitude, resulting in noisier signals compared to 

calcium transients. In addition, it should be noted that both the green and red channels 

are occupied by the sensor, which may represent a practical limitation for experiments 

requiring additional fluorescent reporters. Despite these limits, the ratiometric nature of 

iClima provides an advantage, since as the green/red ratio intrinsically corrects for 

fluctuations in excitation power. Furthermore, iClima supports high-frequency imaging 

over extended periods with minimal signal degradation, demonstrating high photostability. 

This contrasts with earlier sensors such as LSSmClopHensor, which exhibited significant 

photobleaching of the red fluorophore. In this context, implementation is straightforward 

and requires only an initial estimation of bleed-through between the green and red 
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channels for the specific imaging system, which can then be subtracted from the recorded 

signals. 

iClima opens several concrete perspectives. First, targeted sparse expression will let us 

resolve chloride dynamics at subcellular scale, including distinguishing Cl- transients in 

dendrites and spines compared with somata. This should reveal whether chloride 

microdomains emerge during specific synaptic inputs and how they dissipate across 

space and time. Building on this, sparse labelling combined with high-speed imaging will 

enable compartment-specific measurements during controlled input: by optogenetically 

activating distinct interneuron classes such as PV, SOM, and VIP, we can map the chloride 

load they impose on pyramidal neurons and test for characteristic spatial and temporal 

fingerprints.  

Alterations in the excitation/inhibition balance are a hallmark of several neurological and 

psychiatric disorders, often arising from impaired inhibitory neurotransmission due to 

disrupted chloride homeostasis. Dysregulation of intracellular Cl⁻ levels compromises 

GABAergic signalling, leading to aberrant network excitability and defective information 

processing. Such mechanisms have been implicated in disorders including epilepsy, 

autism spectrum disorders, and schizophrenia, where altered efficacy of chloride 

cotransporters systems, particularly via KCC2, results in depolarizing GABA responses 

and a loss of inhibitory control (Ben-Ari, 2017; Hyde et al., 2011; Kaila et al., 2014). By 

applying iClima to disease models, it will be possible to precisely monitor how [Cl⁻]ᵢ 

evolves during these pathological states, identify how disrupted Cl⁻ homeostasis 

contributes to altered signalling cascades, even at the subcellular level. Eventually, this 

will be useful to evaluate the efficacy of therapeutic interventions aimed at restoring 

chloride-dependent signalling.  

A broader implication concerns chloride as a messenger. Recent literature is indeed 

starting to consider chloride not only a passive carrier of inhibition but a dynamic signal 

that interacts with intracellular cascades, as in the case of the interaction with WNK 

(Lüscher et al., 2020). The discovery that WNK kinases are directly regulated by 

intracellular chloride concentration (Piala et al., 2014) has redefined the classical view of 

Cl⁻ as a mere biophysical determinant of inhibition, highlighting its role as a genuine 

second messenger capable of modulating kinase activity and ion transporter function. This 

pathway establishes a bidirectional communication between ionic homeostasis and cell 

signalling: changes in [Cl⁻]ᵢ not only influence neuronal excitability but also trigger 

phosphorylation cascades that adjust transporter activity (Boyd-Shiwarski et al., 2022; 

Heubl et al., 2017; Rinehart et al., 2009). In this framework, chloride becomes an active 

participant in cellular adaptation processes, linking inhibitory transmission, osmotic 

regulation, and cell-volume control to broader physiological states such as sleep–wake 

cycles and circadian modulation of excitability (Alfonsa et al., 2023; Pracucci et al., 2023). 

Thus, tools like iClima represent a crucial technological step, as they allow quantification 

of [Cl⁻]ᵢ fluctuations in vivo, enabling us to investigate chloride’s role across physiological 

and pathological contexts. The study of chloride physiology is only beginning. As more 

advanced optical tools emerge, they will uncover how this ion orchestrates cellular 

signalling and contributes to the brain’s intricate electrical and biochemical language. 
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Figure 24: Schematic overview of the conceptual and methodological framework of this work. 

Phase 1) Intracellular chloride concentration in cortical pyramidal neurons follows a diurnal cycle, being low 

during the light/resting phase (ZT5) and high during the dark/active phase (ZT17). This observation raised the 

question of whether [Cl⁻]ᵢ oscillations are controlled by intrinsic circadian mechanisms or by neuronal activity 

and behavioural state. To address this, we employed LSSmClopHensor for quantitative steady-state 

measurements.  Phase 2) We developed and characterized iClima, a new genetically encoded chloride 

sensor (GECS). The previously available LSSmClopHensor was limited by pH sensitivity and low chloride 

affinity. iClima combines a Cl⁻-sensitive green fluorophore (mutated mClover3) with a bright, pH-insensitive 

red reference (mCRISPRed). This design enhances sensitivity, reduces pH interference, and increases 

photostability. Phase 3) iClima was used in vitro and in vivo to detect Cl- shifts in both physiological and 

pathological states. iClima enables long-term in vivo 2-photon imaging and detection of subtle physiological 

Cl⁻ fluctuations at cellular and subcellular resolution. Illustration created with BioRender.com
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5. Materials and Methods 
 

5.1 Solutions 

• Urethane 20 mg/100ml was obtained dissolving urethane salt (Sigma) in saline 

water (0.9% NaCl) at room temperature.  

• Tribromoethanol (Avertin) anesthesia was used in a concentration of 0.02 mL 

per 1 gr of mouse 

• Artificial cerebrospinal fluid (ACSF) 1x stock was prepared with NaCl 120 mM, 

KCl 3.2 mM, K2HPO4 1 mM, HEPES 10 mM, NaHCO3 26 mM in a final volume 

of 1L of deionized water. The 7.4 pH was adjusted at 7.4 and the stock was 

stored at 4°. Fresh preparations were enriched with CaCl2 2 mM and MgCl2 1 

mM. 

• Bumetanide 55 µM solution was produced by adding an 8-μL aliquot of 

bumetanide stock solution (50 mg/mL in DMSO) in 10 mL of saline.  

5.2 Behavioural tracking and analysis 

Mouse behaviour was recorded and analyzed using a custom-made MATLAB code 

developed in our laboratory, in combination with a video-recording system. Experiments 

were performed on one animal at a time, within a closed arena (57 x 32 cm) equipped 

with food and water ad libitum and maintained under a standard 12h light/dark cycle (lights 

off: 7:00 PM–7:00 AM). The arena was continuously monitored using an infrared camera, 

and data acquisition was synchronized via an Arduino-based system.  

To reduce variability due to novelty-induced exploration, automated recordings were 

performed for at least three consecutive days, with the first 24 h excluded from analysis. 

The tracking algorithm extracted the silhouette of the animal from the background 

reference image and computed the center of mass of the binary object (“blob”). This 

approach enabled reconstruction of locomotor trajectories and classification of 

behavioural states into locomotion, local activity (e.g., grooming), or resting. Periods of 

immobility longer than 40 s were classified as sleep (Fisher et al., 2012; Pack et al., 2007). 

From these data, actograms were generated to visualize changes in locomotor speed, 

spatial trajectories, and positional preferences within the arena. These features provided 

a reliable readout of behavioural dynamics across light/dark cycles. For the ZT29D 

condition, the dark phase was extended beyond the regular 12 hours, and recordings were 

continued to monitor changes in locomotor state. The analysis pipeline was implemented 

in a custom MATLAB code developed in our laboratory. 
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5.3 Viral injections and chronic implants 

Expression of the LSSmClopHensor and iClima was achieved through viral transfection 

in the indicated experiments. Both sensors were expressed by co-injection of adeno-

associated viral (AAV) vectors. The viral constructs used for these experiments were 

AAV9.EF1α.DIO(LSSmClopHensor) or AAV9.EF1α.DIO(iClima), and AAV9.CamKII.Cre 

for Cre-dependent expression. Both sensor constructs were designed as double-floxed 

inverted open reading frame (DIO/FLEX) vectors under the EF1α promoter. For co-

expression, viral mixes were prepared at the following final titers: 8.7 × 10¹¹ vg/ml for the 

sensor virus and 2.1 × 10¹¹ vg/ml for the Cre virus. 

Mice were anesthetized with 2,2,2-tribromoethanol (Avertin) administered 

intraperitoneally at 0.02 ml/g body weight. Depending on the experimental protocol, two 

types of surgeries were performed: acute injections or chronic window preparations. For 

acute experiments, two small craniotomies were drilled above the primary visual cortex 

(V1), using stereotaxic coordinates relative to lambda: antero-posterior (AP) = 0 mm and 

medio-lateral (ML) = 2.5 mm and 3.5 mm. A Hamilton NanoFil syringe equipped with a 

36G needle (World Precision Instruments) was positioned at the injection sites, and 500 

nl of the viral mix (sensor + Cre) was injected at a depth of 300 µm below the cortical 

surface (two depths of 750 and 450 µm were used for the PFC) at a rate of 100 nl/min. 

After each injection, the needle was left in place for 1 min to minimize reflux along the 

injection tract. At the end of the injections, the skin was sutured using sterile surgical 

thread, and a topical analgesic gel was applied to the incision site. Mice were allowed to 

recover from anesthesia on a heating pad before returning to their home cage.  

For chronic experiments, a 3 mm diameter craniotomy was performed over V1. Two 

injections of the viral mix were delivered as described above were perfomed at the same 

stereotaxic coordinates used for acute injections (500 nl each at 300 µm depth). Following 

injections, a chronic cranial window was implanted to allow long-term two-photon imaging. 

The window consisted of two circular glass coverslips (inner diameter 3 mm, outer 

diameter 5 mm) permanently bonded together using optical adhesive. The smaller 

coverslip fit precisely within the craniotomy, while the larger one was secured to the skull 

surface with cyanoacrylate glue. A custom lightweight metal head bar (<1 g) was then 

affixed to the skull caudal to the craniotomy using Metabond dental cement (Parkell) 

followed by a layer of Paladur (Kulzer). Once the Metabond had set, the Paladur was 

applied to reinforce the fixation and to create a circular cement well around the cranial 

window, allowing the application of water during imaging sessions with the immersion 

objective. The cement ring was finally painted black to absorb ambient light and reduce 

stray photon contamination during imaging.  

After surgery, mice were allowed to recover on a heating pad until fully awake and then 

returned to their home cage. Paracetamol was administered in the drinking water at a 

dose of 200 mg/kg/day for 2 consecutive days to provide postoperative analgesia and 

support recovery. 
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5.4 In vivo chloride imaging with LSSmClopHensor 

Intracellular chloride concentration was measured using the genetically encoded 

ratiometric biosensor LSSmClopHensor, selectively expressed in cortical pyramidal 

neurons. Expression of LSSmClopHensor was achieved by viral transfection using a 

mixture of two viral vectors: AAV9-EF1a-DIO(LSSmClopHensor) and AAV9-CaMKII-Cre 

with a ratio 1:10. Adult C57Bl6j mice (4-6 months) were anaesthetized with 2,2,2-

tribromoethanol (Avertin) (i.p. 0.02 ml/g body weight), the head of the mouse was gently 

fixed in a stereotactic frame and the scalp was open. See the section 5.3 for details about 

the transfection. V1 injections the injections sites were AP= 0mm and ML = 2.5 and 3.5 

mm from Lamda. For PFC injections, ML= 0.5 mm and AP= 2 and 3.5 mm anterior to 

Bregma. 

When ready, mice were anesthetized with 2,2,2-tribromoethanol (Avertin) (i.p. 20 µl/g 

weight) and prepared for acute two-photon imaging.  A 4 mm craniotomy was performed 

over V1 or PFC and covered with a 5 mm-coverslip. Imaging was performed immediately 

after surgery. Mice were positioned underneath a 2-photon microscope. Images were 

acquired at 5 different excitation wavelengths (800 / 830 / 860 / 910 / 960 nm - some of 

the 800nm data sets were barely fractionally above noise levels and so were not used for 

analyses) and collected through green and red emission filters (527/70 nm and 607/70 

nm respectively, BrightLine). The imaging was performed at depths ranging from 90 to 

300 μm, corresponding to cortical layers 2/3. Post hoc analysis of the images was 

performed using a graphical user interface (GUI), implemented in MATLAB, that 

automated finding cell somata, to collect red/green fluorescence ratios at the different 

wavelengths, and compute intracellular pH and [Cl-] values for each cell, based upon 

earlier calibration experiments performed using ionophore-permeabilized GL261 cell and 

neuronal cultures (Sulis Sato et al., 2017). The imaging was performed with a Bruker 

Ultima microscope, a Coherent Ultra II laser and an Olympus 20X, NA 1.05 objective 

(water immersion). For the ZT29D experiments, imaging sessions were performed after 

16 hours of extended darkness, corresponding to ZT28–29. 

 

5.5 Sleep Deprivation  

Mice expressing LSSmClopHensor in the prefrontal cortex were subjected to a 24-hour 

sleep deprivation paradigm (see section 5.4 for sensor expression). Two weeks after viral 

injection, animals were placed individually on small circular platforms (“flowerpots”) 

surrounded by water, a widely used method for selective REM sleep deprivation in rodents 

(Mendelson et al., 1974). The platform had a diameter of 3.5 cm, allowing the mouse to 

maintain balance during wakefulness and non-REM sleep, but causing it to fall into the 

surrounding water upon entering REM sleep, when muscle tone is lost. The water level 

was adjusted so that the animal’s body remained above the surface when standing on the 

platform, but contact with the water was immediate if it lost postural control. Water 

temperature was maintained at 27 °C throughout the 24-hour deprivation period to ensure 

thermal comfort and prevent hypothermia. The flowerpot setup was covered with a metal 

wire mesh positioned above the tank, allowing the animals to freely access food pellets 

and a water bottle placed on top of the grid. The sleep deprivation started at midday (ZT5) 



PhD Thesis | Giacomo Pasquini 

80 
 

and continued for 24 hours. At the end of the deprivation period, mice were anesthetized 

and prepared for two-photon imaging as described in the section 5.4, and analized 

accordingly. 

 

5.6 Seizure susceptibility experiments 

Seizure susceptibility electrophysiological experiments were performed on acutely 

prepared C57BL/6J mice, under urethane anaesthesia (i.p. 1.6 g/kg). The mouse was 

placed in a stereotaxic head-holder and a small craniotomy was performed to reveal the 

cortex. Recording was performed either using AgCl electrodes with a 2 MOhm glass pipet 

or a multi-electrode array. For AgCl recordings, LFP signals were amplified 500 times 

(EXT−02F amplifiers; NPI electronic), band pass filtered (0.1−1000 Hz), cleared from 50 

Hz electrical noise (Hum Bug Noise Eliminator; Quest Scientific), and finally sampled at 

10 kHz (16-bit AD board USB6251 from National Instrument). For MEA recordings (MEA, 

Neuronexus – A1x16-3mm-25-177), the signal was digitised at 30 kHz (NPI EXT-02F 

amplifier), and acquired with the Neuronexus SmartBox Pro. In both cases, electrodes 

were introduced into the cortex to a depth of 0.3 mm, and approximately positioned within 

the primary somatosensory cortex. The cortex was kept moist with warmed saline 

throughout recording sessions.  

Epileptic activity was induced acutely by a single bolus injection of 500 nl of 15 mM 4-

aminopyridine in saline (total amount delivered 7.5 nmol), injected at 500 nl/min via a 

NanoFil needle (36G, World Precision Instruments; 30 s injection), roughly 1 mm caudal 

to the recording site (approximately into the anterior end of primary visual cortex).  In all 

the animals, saline was applied directly to the surface of the brain after the craniotomy 

was made, to keep it moist. In a subset of experiments, this saline solution was 

supplemented with either 55 µM bumetanide (in 0.08% DMSO and saline) or VU0463271 

(10 µM in saline and 0.1% DMSO, as described for the preceding experiments) for 

approximately 1 hour before 4-AP injections. To test for effects of this trace amount of 

DMSO, in two experiments (arrowheads in Figure 13d), saline was applied with just 

0.08% DMSO.   

Extracellular field recordings were analysed to detect pathological discharges using a 

custom-written code in MATLAB. In brief, this used a frequency-domain analysis to detect 

time-frequency pairs with “abnormal” power (Figure 25).  The spectrogram (bin width 10 

s, with 1 s time shift) of the baseline (the period preceding 4AP injection) was computed 

and we obtained mean and standard deviation of the spectral power for frequencies 

between 8-100 Hz.  The spectrogram of the entire recording was normalized to the 

baseline mean and standard deviation for each frequency band individually.  To avoid 

contamination with mains noise, we omitted frequencies between 49-51 Hz. This process 

generated a Z-score spectrogram (Z = (x-mean)/s.d.), in which each element of the Z-

score matrix represented the excess power at a particular frequency, for each time bin.  

Using a threshold of 4 standard deviations above the baseline mean, we identified all time 

bins for which any frequency exceeded this threshold.  The power integrated in each time 

bin was summed cumulatively, to estimate the pathological activity within the brain. 

Continuous epochs of suprathreshold bins lasting more than 15 s were designated to be 
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single “events”. In fact, most seizures lasted for many tens of seconds, before transitioning 

into a period of post-ictal suppression. 

 

Figure 25: Computation of the z-scoring of epileptiform activity. a) An example trace of the LFP recording, 

during a midnight 4-AP experiment. 4AP was microinjected over a period of 5 min, starting at time 0. b) 

Spectrogram of the same trace (computed using the MATLAB function mtspecgramc.m; time windows of 10 

s with steps of 1 s, 5 tapers and time-bandwidth product=3). Frequencies between 8 Hz and 100 Hz were 

used. Note that power attenuates at high frequencies. The magenta frame highlights a baseline period before 

4AP injection. c) Z-transform of the spectrogram in b computed as follows: for each frequency f, we computed 

the mean (μf) and the standard deviation (σf) of the power during the baseline. Then, for every element of the 

spectrogram xft, the z transform was obtained with (xft – μf) / σf. Note that this normalization overcomes the 

attenuation of the power at high frequencies. d) A binary mask was applied to the z-transform of the 

spectrogram to keep only values higher than 4 (4 σ higher than the baseline power). e) The z-score time 

course was computed, summing the z-transform of the spectrogram across all frequencies (columns). 

 

5.7 iClima calibrations 

Mouse embryonic fibroblast (MEF) cells were cultured in Dulbecco’s Modified Eagle 

Medium (DMEM, high glucose; Gibco) supplemented with 10% fetal bovine serum, 100 

U/ml penicillin, and 100 µg/ml streptomycin (Gibco). The cells were maintained at 37°C in 

a humidified incubator with 5% CO₂ until they were used for transfection. Transfection was 

performed using the Neon™ Transfection System 100 µL Kit (Thermo Fisher Scientific). 

Briefly, cells were trypsinized, centrifuged, and washed twice with phosphate-buffered 

saline (PBS). The resulting pellet was resuspended in the manufacturer’s resuspension 

buffer and mixed with 10–12 µg of plasmid DNA encoding for either mClover3 (modified 
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as in iClima), mCRISPRed, or iClima under the control of the CAG promoter. 

Electroporation was then carried out using 2 pulses of 20 ms at 1200 V. Immediately after 

electroporation, the cells were transferred to 35 mm dishes containing fresh culture 

medium and maintained for 48 hours before imaging. 

For both pH and chloride calibrations, a specific calibration medium was used. This 

solution contained 20 mM HEPES, 0.6 mM MgSO₄, 38 mM Na-gluconate, and 100 mM 

K-gluconate. To obtain the desired chloride concentrations, this medium was mixed with 

a solution in which NaCl and KCl replaced Na-gluconate and K-gluconate, thus allowing 

to reach final chloride concentrations ranging from 0 to 138 mM. To equilibrate intra- and 

extracellular ions and to allow complete exchange of protons and chloride ions across the 

plasma membrane, the calibration medium was supplemented with a cocktail of 

ionophores composed of nigericin (5 μM), carbonyl cyanide p-chlorophenylhydrazone 

(CCCP, 5 μM), valinomycin (5 μM), and tributyltin chloride (TBTC, 10 μM). The culture 

medium was removed from the plates and replaced with the ionophore-containing 

calibration solution, and cells were then exposed to six sequential washes of three 

minutes each to ensure complete equilibration. For pH calibrations, the chloride 

concentration was kept at 0 mM and the pH of the solution was varied, while for chloride 

calibrations the pH was fixed at 7.2 and only the chloride concentration was changed. 

Two-photon imaging experiments were performed at eight different excitation wavelengths 

(800, 830, 860, 875, 890, 910, 940, and 960 nm). Emission light was collected through 

green and red band-pass filters (527/70 nm and 607/70 nm, respectively; BrightLine). The 

temperature during imaging was maintained at 32°C. For each experimental condition, 

the mean fluorescence intensity in the green and red channels was measured, and the 

ratio between them (G/R) was calculated. The G/R values at different pH were fitted as 

explained in the introduction 2.1.4.2. 

One-photon characterization of iClima was performed using a Leica Stellaris confocal 

microscope equipped with a white-light laser. Excitation was carried out at 440, 445, and 

450 nm, and then every 10 nm up to 490 nm. Emission spectra were recorded between 

465 and 695 nm with 21 steps, a step size of 10 nm, and a bandwidth of 30 nm. Since 

this system does not use fixed emission filters as in two-photon microscopy, the pH 

calibration was performed by integrating the emission spectra over two selected 

wavelength ranges corresponding to the green (520–555 nm) and red (590–625 nm) 

emission channels. The fluorescence intensity in these ranges was corrected for bleed-

through, calculated independently for each spectral window. After correction, the G/R ratio 

was computed for each pH condition, and the resulting values were fitted to derive the 

apparent pKa, following the same fitting procedure used for the two-photon data. 

For Cl- calibrations, washes at several extracellular [Cl-] were performed, ROIs extracted, 

dark- and BT corrected, and eventually emission spectra extracted (1-photon). Fitting was 

then performed as explained in the results to find the Kd. 
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5.8 Bioluminescence recording with ALLIGATOR 

U2OS cells stably expressing PER2:Luc or pBMAL1:Luc reporters were cultured under 

standard conditions (using DMEM (Dulbecco's Modified Eagle Medium) +10% Serum 

(HyClone™ FetalClone™ II Serum) + 1% Penicillin/Streptomycin) and prepared for 

circadian bioluminescence recordings using a Lumicycle (Obscura Alligator 

Luminescence System, Cairin Research). Cells were split and seeded at a density of 

approximately 1 × 104 cells/mL in a 96-well dish using pre-warmed growth medium. A total 

of 12 wells for each condition were plated and were entrained for five days as described 

in results. On day 6, cells were replenished with reduced (1%) serum medium 

supplemented with 0.3 mM Luciferin. During this procedure cells were kept on a pre-

warmed heating platform (37 °C). Cells were then placed at constant 37 °C to allow 

stabilization of rhythms under free-running conditions for 24 hours. 

On the experimental day, dishes were sealed with gas permeable adhesive seals. 

Bioluminescence was continuously recorded every hour for 3 days, setting the exposure 

time of the Lumicycle at 30 minutes. Images were analysed with ImageJ. Single ROI were 

drawn around each of the 12 well and the average intensity fit to be detrended. 

 

5.9 Microwave Plasma – Atomic Emission 

Spectroscopy (MP-AES) 

Elemental analysis was performed using an Agilent 4210 MP-AES (Microwave Plasma – 

Atomic Emission Spectrometer; Agilent Technologies, USA). MP-AES enables 

simultaneous multi-element detection based on excitation of aerosolized sample droplets 

in a nitrogen plasma (≈6000 °C), followed by wavelength-resolved emission 

measurements. Unlike ICP-MS, MP-AES does not rely on ionization but instead detects 

element-specific emission photons. The system is suitable for the detection of most 

elements with the exception of sulfur, chloride, and fluoride, which cannot be reliably 

quantified. pBMAL1:Luc U2OS cells were seeded in 12-well plates and grown to 

confluence. For each condition, four replicates were prepared to account for variability 

and potential outliers. Cells were entrained for five days as described in results. On day 

6, a final medium change was performed at 10:00 a.m. using recording medium (DMEM 

supplemented with 1% serum, 1% Penicillin/Streptomycin). During this procedure, plates 

were maintained on a pre-warmed heating platform (37 °C) to avoid temperature shock. 

Cells were then transferred to constant 37 °C conditions for 24 h under free-running 

conditions prior to harvesting. 

For MP-AES sample preparation, plates were transferred onto ice and washed once with 

1 mL ice-cold salt-free iso-osmotic buffer A (300 mM sucrose, 10 mM Tris base, 1 mM 

EDTA; pH 7.4 adjusted with phosphoric acid), followed by two washes with buffer B 

(identical composition, pH 7.4 adjusted with acetic acid). Osmolarity of the buffers was 

carefully matched to that of the culture medium (~330–340 mOsm) using concentrated 

sucrose and confirmed with an osmometer. All solutions were prepared with HPLC-grade 

water and analytical-grade reagents. After removal of residual buffer, cells were lysed by 

adding 200 µL of 65% ultrapure nitric acid. Lysis proceeded for 1 hour at room temperature 
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in a chemical fume hood. Lysates were collected, span at 10°C, and 100uL of the solution 

was added to 1.2 mL of HPLC water in 15 mL Falcon tubes and stored at –80 °C until 

analysis. 

For the MP-AES measurements, the volume per run was 1.3 mL. To minimize background 

noise, all glassware were rinsed three times with HPLC-grade water prior to use. 

Particular care was taken during washes and transfers to avoid disrupting the cell 

monolayer or introducing trace contaminants.  For each run, calibration standards were 

prepared in 5% ultrapure nitric acid to match the matrix of the samples. A multi-element 

calibration solution (Agilent, 5190-7001) containing 5 ppm of trace metals and 50 ppm K 

was used as reference. A series of calibration curves was generated by running at least 

three standard dilutions plus a blank (5% HNO₃) before sample analysis. Sample 

concentrations were then quantified against the calibration curves.  

 

5.10 Time-lapse imaging of iClima-expressing cells 

pBmal1:Luc U2OS cells stably transfected with the iClima sensor (iClima under EF1α 

promoter) were used for time-course imaging experiments. Cells were split as usual and 

seeded at a density of 3 × 10⁴ cells/mL in 8-well Ibidi chambered dishes (Ibidi, cat. no. 

80826 ) using pre-warmed growth medium. Four wells were prepared and incubated at 

37 °C until reaching full confluency (5 days). At 10:00 am, a pre-warmed medium change 

was performed using DMEM supplemented with 10% HyClone™ FetalClone™ II Serum 

and 1% Penicillin/Streptomycin, providing a synchronizing pulse. Cells were then 

transferred to a temperature-cycling incubator (37 °C at 10 am, 32 °C at 10 pm) for 5 days 

to entrain circadian rhythms. On day 6, phenol red-free DMEM supplemented with 1% 

serum and Penicillin/Streptomycin was pre-warmed and used for the final medium change 

at 10:00 am. During this procedure, cells were maintained on a 37 °C pre-heated platform. 

Cultures were subsequently placed at constant 37 °C under free-running conditions for 24 

h prior to imaging. 

Imaging was performed on a Leica SP8 confocal microscope equipped with an 

environmental chamber set to 37 °C and 5% CO₂. The following acquisition settings were 

used: excitation at 442 nm and 488 nm (laser power 15% for both), the green emission 

filter was 500–545 nm while the red emission filter was 570–700 nm. 15 square fields of 

side 581.25 µm were acquired per well. Acquisitions were performed every 3 hours with 

the help of autofocus. After 2 days of recording, one well was removed from the analysis 

due to due to poor cell health. Regions of interest (ROIs) were drawn with the help of a 

custom made MATALB app. The average Greed and Red value of each ROI was extracted 

and ratio calculated. ROIs were re-drawn for each timepoint to manage putative dead cells 

or cell movements. Data acquired with 488 nm excitation were used for the fit due to the 

low quality of the 442 nm-excited data. 
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5.11 Circadian fit for MP-AES and in vitro imaging of 

iClima 

MP-AES data and iClima R/G results were fitted using a nonlinear least-squares 

procedure. The model function combined a linear baseline with a damped oscillatory term, 

and was defined as: 

𝑌(𝑋) =  𝐵 +  𝑚 𝑋 +  𝐴 𝑒− 𝑘 𝑋𝑐𝑜𝑠 (
2𝜋 (𝑋 − 𝜑)

𝑇
)  

where B is the baseline, m the slope of the linear trend, A the oscillation amplitude, k the 

exponential damping coefficient, φ the phase shift, and T the period of the oscillation. The 

period parameter was constrained within a predefined range [20, 24] to reflect 

physiological plausibility. 

Weighted residuals were used to account for the measurement errors of the data points: 

𝑟(𝑋) =   
𝑌(𝑋)𝑑𝑎𝑡𝑎 −  𝑌(𝑋)𝑚𝑜𝑑𝑒𝑙 

𝜎𝑌
 

where σY is the standard deviation associated with each observation. 

To evaluate whether the oscillatory model provided a significantly better fit than a constant 

baseline model, we compared it against a null model defined as:  

𝑌 (𝑋) =  𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

Where constant being the mean of the data. The goodness-of-fit improvement was 

assessed using an F-test: 

𝐹 =
(𝑆𝑆𝐸0 −  𝑆𝑆𝐸2) (𝑘2  − 𝑘0)⁄

𝑆𝑆𝐸2 (𝑁 − 𝑘2⁄ )
 

where 𝑆𝑆𝐸0 and 𝑆𝑆𝐸2 are the residual sums of squares of the null and full models, 

respectively, 𝑘0 and 𝑘2 their number of free parameters, and N the number of data points. 

The corresponding p-value was used to test whether the full model explained the 

observed variability significantly better than the constant model. 

 

5.12 In vivo chloride imaging with iClima with 

simultaneous LFP recording 

Intracellular chloride concentration was measured using the genetically encoded 

ratiometric biosensor iClima, selectively expressed in cortical pyramidal neurons. The 

specific expression was achieved by in utero electroporation at embryonic day 15.5 

(E15.5) with a custom-made triple electrode to transfect neuronal progenitors of layer 2/3 

pyramidal neurons of the visual cortex (Dal Maschio et al., 2012). Briefly, C57BL/6J 

pregnant females were obtained arranging timed matings. E15.5 pregnant mice were 

anaesthetized with isoflurane (5% for the induction, 1% for maintenance) and placed face 

up on a heating pad covered with a sterile sheet. Intramuscular injections of a pain killer 
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(Tramadol 50 mg/ml, dose: 50 µg/g) and an antibiotic (Baytril 50 mg/ml, dose: 75 µl/g) 

were performed. The hair on the abdominal region was removed using a hair removal 

cream (Veet) and the skin was cleaned with an Iodine solution (Betadine) and then with 

ethanol 70% 3 times. The uterus was exposed with laparotomy and a solution of plasmid 

encoding iClima under the CAG promoter (5 µg/µl) and a green dye (Fast Green, 0.3 

mg/ml in water) was injected in the right lateral hemisphere of the embryos through a 30g 

needle connected to a pico-pump. A triple electrode was used to transfect the neuronal 

progenitors in the occipital region. Embryos were kept wet delivering heated sterile saline 

solution. After the transfection, the abdomen was stitched, a healing ointment 

(Connettivina) was applied on the wound, and the mouse was left in a warm cage to 

recover. Additional antibiotic was administered orally for the next 3 days. 

Mice obtained through this procedure were used for imaging experiments starting from 

postnatal day 29. They were anaesthetized with urethane anaesthesia (i.p. 8µl/g of 20% 

urethane salt (Sigma) in NaCl 0.9%). The anaesthesia level was assessed using a tail 

pinch and, if needed, additional doses (10% of initial dose) were administered to maintain 

a stable level of anaesthesia. A local anaesthetic (Lidocain Hydrochloride 1% gel; Molteni 

Farmaceutici) was applied to the skin before cutting it. The head of the mouse was fixed 

in a stereotactic frame; the skull was cleaned from membranes and dried. A 4 mm 

craniotomy was performed over V1 and partially covered with a 5mm-glass coverslip. A 

chamber was created around the craniotomy applying a thin layer of dental cement 

(Vertex Dental). The cortex was maintained constantly wet with artificial cerebrospinal fluid 

(ACSF). Once under 2-photon microscope, the fluorescence was checked to understand 

which part of the brain to penetrate with the LFP electrode. LFP recording was performed 

using an Ag/AgCl electrode in a glass microcapillary. A Sutter Instruments puller was used 

to pull the borosilicate microcapillary (outer diameter of 1 mm, inner diameter of 0.58 mm, 

length of 10cm, BF-100-58-10; Sutter Instruments) up to a tip diameter of about 1.5 μm. 

The capillary was filled with ACSF and inserted into an electrode holder, which was 

connected to the electrode filament. The holder was inserted into a headstage (NPI 

Electronics) connected to a reference electrode bathing into the ACSF-filled recording 

chamber obtained in correspondence of the craniotomy of the mouse. Glass micropipette 

was placed at a depth of 250 − 300 µm to record from cortical layers 2/3 (using a motorised 

micromanipulator at an angle of 45°; Sutter Instrument MP-C -200) in the same area of 

the 2-photon imaging, reaching the brain from the glass-opening of the craniotomy. LFP 

signals were amplified 1000 times (EXT − 02F amplifiers; NPI electronic), band pass 

filtered (0.1−1000 Hz), cleared from 50 Hz electrical noise (Hum Bug Noise Eliminator; 

Quest Scientific), and finally sampled at 10 kHz with 16-bit precision (AD board USB6251; 

National Instruments). 2-photon images for absolute chloride measurements were 

acquired at 5 different excitation wavelengths (830 / 860 / 880 / 930 / 960 nm) and 

collected through green and red emission filters (527/70 nm and 607/70 BrightLine®). We 

used a Bruker Ultima microscope with a Chameleon Ultra II laser (Coherent) and an 

Olympus 20X objective (NA 1.05, water immersion). After absolute Cl- measures, at least 

3 minutes of baseline local field potential were recorded. Next, we dripped 4- 

aminopyridine (15 µM in ACSF) directly onto the craniotomy, where a partial cover glass 

allowed it to penetrate and diffuse to the brain parenchyma. 
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Following that, both imaging at 830 nm (1 frame every 10 s) and LFP recording were 

acquired on a time series. In case the animal did not show any seizure within 50 min form 

4-AP, VU0463271 10 µM was added to the bath. Absolut chloride concentration was 

obtained following all the steps presented in the introduction, using a GUI implemented in 

MATLAB, that automated finding cell somata, to collect red/green fluorescence ratios at 

the different wavelengths, and compute intracellular pH and [Cl-] values for each cell. 

Local field potential recordings were analyzed using ZebraExplore, a MATLAB-based 

graphical user interface developed in the laboratory, which provides tools for visualization 

and analysis of electrophysiological recordings. Local field potential recordings and the 

input voltage to the galvanometric mirrors were acquired simultaneously using the same 

acquisition board. A custom MATLAB script extracted the timing of each imaging frame 

from this signal, enabling precise synchronization between two-photon imaging and LFP 

recordings. Seizure were detected as described in methods chapter number 5.6. For each 

identified time window, the script identifies the onset and offset points and extracts epochs 

from the fluorescence time series centered on either the onset or offset of epileptic events. 

ROIs were drawn semi-automatically from a custom made MATLAB script.  For each ROI, 

the average red and green fluorescence intensities are calculated by averaging the pixel 

values within the ROI. Each ROI-event trace was extracted and all were then fitted with a 

logistic sigmoid function for the onset and a decreasing exponential for the offset. 

 

5.13 Dynamical Cl- imaging in vivo 

Experiments were performed on adult C57BL/6J mice of both sexes, expressing the 

chloride sensor iClima or LSSmClopHensor in V1 (see methods 5.3 for details of 

expression). Mice were housed under a 12 h light/dark cycle with food and water ad 

libitum. After viral injection and cranial window implantation over V1, mice were allowed 

to recover for 4 days before behavioural handling. During the following 3 days, mice were 

handled daily and the wheel from the imaging setup was placed in their home cage to 

facilitate familiarization. Mice were then habituated to head-fixation under the two-photon 

microscope across 5 consecutive days. The duration of head-fixation was progressively 

increased from 10 min on the first day up to 1 h on the fifth day. During habituation 

sessions, animals were head-fixed while allowed to walk or run voluntarily on a freely 

rotating wheel. At the end of each habituation session, mice received a small dose of 

condensed milk as reward. 

Imaging experiments were conducted in multiple sessions at two time points: around 

midday and midnight. Moreover, imaging was conducted in Awake, head-fixed animals 

allowed to walk on the wheel, and on Anesthetized animals under 1-1.5% isoflurane in O₂ 

1.5 l/min. During each experimental session, several types of visual stimuli were 

presented as described in method session 5.14. Each visual stimulus was presented in at 

least 5 trials per session. Before the first and after the last trial, a “dark” acquisition (no 

laser) was recorded to quantify (and later subtract) the contaminating light coming from 

the visual stimulation screen. Two-photon imaging was performed using a Bruker Ultima 

microscope equipped with a Chameleon Ultra II Ti:Sapphire laser (Coherent) tuned to 830 

nm (910nm in the case of LSSmClopHensor), and an Olympus 20× water-immersion 

objective (NA 1.05). Emission was collected through green (527/70 nm) and red (607/70 



PhD Thesis | Giacomo Pasquini 

88 
 

nm BrightLine®) filters. Images were acquired at 2× zoom (squared fields with sides of 

~300 µm) at 2 frames per second for most visual stimuli, except for high-speed 

acquisitions (30 fps) in dedicated recordings. To minimize light contamination from the 

visual stimulation display, a small black fabric curtain was mounted around the objective 

and gently lowered to cover the gap between the objective and the mouse’s head, without 

obstructing the animal’s eye. This simple shielding effectively reduced the number of stray 

photons from the screen reaching the objective and thus minimized potential stimulus-

induced artefacts in the imaging signal. The rotary encoder signal was analyzed using a 

custom MATLAB pipeline to compute locomotion speed and position. The analysis 

extracted instantaneous speed. 

Simultaneously, behavioral and synchronization signals were recorded through a 

Digidata® 1440A Data Acquisition System, including the rotary encoder signal (wheel 

movement, pre-processed by Arduino), TTL pulses from the visual stimulation system, 

and galvo mirror signals from the microscope. The wheel movement was monitored with 

a rotary encoder from which the signal of the position was read by an Arduino, traduced 

in an analog signal (0-5 V) and sent to the acquisition board.  

Visual stimuli were generated through a custom MATLAB application controlling a 

secondary monitor placed in front of the mouse. An Arduino connected to a phototransistor 

mounted on the monitor detected the onset of each visual stimulus and produced a TTL 

pulse through. A TTL was also sent at the start of each trial to trigger microscope 

acquisition. All TTLs and galvo signals were recorded to enable precise temporal 

synchronization between visual stimuli and two-photon imaging frames. 

Dark acquisitions were analyzed to extract fluorescence-independent signals in both 

green and red channels using a custom MATLAB script. Average traces were computed 

across all dark recordings, and dark time series were subtracted from experimental 

recordings to correct for contaminating signals. In the case of alternate-dark acquisition, 

we repeated the visual stimulation protocol with an optomechanical hard shutter placed in 

the laser beam path upstream of the microscope entrance. The shutter was controlled by 

an Arduino board, programmed to open and close alternately on a frame-by-frame basis, 

such that every other frame was acquired with the laser completely blocked (“dark frame”).  

ROIs were automatically extracted from movies using a custom MATLAB routine. For each 

ROI, average red and green fluorescence traces were calculated by averaging pixel 

intensity within the ROI mask. For each ROI and trial, red and green fluorescence signals 

were dark-subtracted. The ratio signal (R = G/R) was computed and normalized to the 

baseline period preceding stimulus onset to yield ΔR/R traces: 

Δ𝑅

𝑅0
=

𝑅 − 𝑅0

𝑅0
 

 

where 𝑅0is the mean ratio during baseline frames. Traces were then averaged across 

trials and ROIs to obtain mean session responses. The imaging and stimulus timing were 

synchronized via the recorded TTL and galvo channels. Mice average responses were 

analyzed to extract peak amplitude, time-to-peak, and decay constant. Decay kinetics 

were fit with a single-exponential model. In trials where locomotion-elicited transients were 
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detected, the R0 measured in the “not-running” trials was used. In this way it was possible 

to compare the two conditions.  

Baseline [Cl-]i was estimated from the average baseline ratio 𝑅𝐶𝑙  assuming a fixed 

intracellular pH, according to Eq. 5 of the iClima calibration model. 𝑅𝐶𝑙 was recalculated 

according to the response peak, and was used to compute variations in intracellular 

chloride during visual stimulation and locomotion. 

 

5.14 Visual stimulation 

Visual stimuli were generated using a custom MATLAB application developed in the 

laboratory. The application, interfaced with an Arduino board, used Psychtoolbox to render 

and control visual stimuli presented on a calibrated LCD monitor. The monitor was 

positioned 30 cm in front of the animal, such that the contralateral eye relative to the 

imaged visual cortex was facing the screen. To synchronize visual stimulation with two-

photon imaging, the MATLAB application modulated the luminance of a small, hidden 

corner of the screen at specific time points, at the beginning of each trial (baseline onset) 

and at the onset of each visual stimulus. This patch was not visible to the animal, as it 

was covered by an opaque mask and coupled to a phototransistor placed directly in front 

of it. The phototransistor continuously monitored screen luminance and sent its analog 

output to an Arduino board, which detected threshold crossings. Whenever the signal 

exceeded a predefined threshold, the Arduino generated a TTL pulse that was recorded 

via the acquisition system. These TTLs provided precise temporal markers to align visual 

stimulus presentation with the imaging frames and/or electrophysiological recordings. 

Two main types of visual stimuli were used: 

1. Luminance step: The monitor luminance was set close to 0 cd/m² during a 30 s 

baseline period, followed by a 20 s full-field luminance step to 10 cd/m². This was 

followed by a 20 s recovery period during which the luminance returned to 0 cd/m². 

2. Moving grating (Grid 0°): A full-field drifting grating stimulus moving from tail to 

head (referred to as grid 0°) was presented. The baseline preceding the stimulus 

consisted of a uniform gray screen of 5 cd/m² mean luminance for 30 s. Gratings 

(0.02 cycles/deg square wave) were shown for either 5 s or 10 s, depending on 

the experimental protocol, and drifted at a temporal frequency of 2 cycles/degree. 

The grating alternated between white (10 cd/m²) and black (~0 cd/m²) bars, 

resulting in a ~100% contrast stimulus. 

All stimulus parameters (onset, duration, luminance, and motion direction) were controlled 

programmatically by the MATLAB application. 

 

5.15 Gamma and multi-unit experiments 

Recordings were performed in C57BL/6J mice (n = 6), starting from 4 weeks of age (young 

adult stage). Animals were anesthetized with urethane (1.6 g/kg, i.p.) and placed in a 

stereotaxic frame. A small craniotomy was made above the primary visual cortex (V1), 

and the exposed cortex was kept moist with sterile saline throughout the experiment. 
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Extracellular signals were recorded using 16-channel silicon probes (single-shank MEA, 

Neuronexus A1x16-3mm-25-177). The probe was inserted perpendicularly into the 

cortical surface to span approximately 450 µm. Signals were amplified and digitized at 30 

kHz using the SmartBox Pro acquisition system (Neuronexus Technologies), and 

recordings were managed through SmartBox Control software (Allego) for real-time 

monitoring and data storage. Visual stimuli were presented following the same procedure 

described in method session 5.14. In brief, stimulation consisted of a step of steady light 

(10 cd/m², 20 s duration) displayed on a dark background. For each mouse, at least two 

sessions of 5 trials each were recorded. 

For gamma-band analysis, the LFPs from all recorded electrodes were pre-processed 

using a custom MATLAB GUI developed in the laboratory. LFP signals were band-pass 

filtered between 20–48 Hz to isolate low-gamma oscillations. Power in this band was 

computed in sliding windows (window size: 0.2 s; step: 0.05 s) and normalized to pre-

stimulus baseline activity, defined in the [–1.8, –0.2 s] interval before stimulus onset. For 

each session, power traces were averaged across channels and across trials, yielding a 

mean response per session. These session averages were then further averaged across 

all sessions recorded from the same animal to obtain an individual mean gamma response 

for each mouse. Group averages and standard deviations were then computed across all 

animals (as shown in Figure 23d). The resulting gamma-band temporal profiles were 

integrated around stimulus onset and offset windows, normalized to their peak amplitude, 

and compared with the corresponding chloride fluctuation curves obtained from imaging 

data. 

MUA signals were extracted using the same laboratory-developed MATLAB GUI. The 

wideband LFP signal was high-pass filtered between 300 and 3000 Hz. Spike detection 

was based on a thresholding method (Quiroga et al., 2004), where the noise level (𝜎) was 

estimated as the median of the absolute signal divided by 0.6745, which is a fast method 

to compute the median absolute deviation for normally distributed samples. The detection 

threshold was then defined as Thr = 𝑁 × 𝜎, with 𝑁=4 in my analysis. Detected spikes 

within a refractory period (2 ms) were grouped. For MUA extraction, all spikes exceeding 

threshold were considered without clustering into single units (i.e., all spikes were treated 

as belonging to one population of active units per channel). For each channel, a raster 

matrix (trials × time) was generated, and a Gaussian kernel (σ = 0.05 s) was used to 

smooth the spike trains, yielding a continuous estimate of firing probability over time 

(“integrated MUA probability”). Only channels 10–16 were included in the analysis (layer 

II/III/IV), as these displayed the highest spike activity. For each mouse, the MUA 

probability traces were averaged across the selected channels, trials, and then across all 

sessions, producing an average MUA response per animal. Finally, individual animal 

averages were pooled to compute the group mean, which are shown in Figure 23c.
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