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Abstract

Intracellular chloride and pH are fundamental regulators of neuronal excitabil-
ity and they are often co-modulated during excitation-inhibition activity. The
study of their homeostasis requires simultaneous measurements in vivo in mul-
tiple neurons. Combining random mutagenesis screening, protein engineering
and two-photon-imaging this thesis work led to the discovery of new chloride-
sensitive GFP mutants and to the establishment of ratiometric imaging proce-
dures for the quantitative combined imaging of intra-neuronal pH and chloride.
These achievements have been demonstrated in vivo in the mouse cortex, in real-
time monitoring the dynamic changes of ions concentrations during epileptic-
like discharges, and in glioblastoma primary cells, measuring osmotic swelling
responses to various drugs treatment.
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1
Introduction

This chapter contains work adapted and improved from:

Twenty Years of Fluorescence Imaging of Intracellular Chloride

Arosio Daniele and Gian Michele Ratto; Frontiers in Cellular Neuroscience, 8
(2014)

Copyright © 2014 Arosio and Ratto. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY).
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The importance of chloride imaging stems from the many physiological role played

by this anion in all living organisms and by the fact that it constitutes the only

functional imaging technique to monitor the inhibitory circuits within the brain.

Chloride ion (Cl-) homeostasis regulates charge balance in intracellular or-

ganelles like endosomes and lysosomes [1–3], drives fluid secretion and

adsorption in epithelial cells [4], controls whole cell volumes [5,6]. Thanks to

the balanced action of various Cl- selective channels and Cl- transporters, Cl- is

distributed in multicellular organism with a small transmembrane ratio of about

10:1 (extracellular-to-intracellular) [7–9]. For comparison, calcium distributes

with a larger transmembrane ratio: about 10000:1 [10].

In humans, functional or genetic alterations of cellular factors that regulate the

homeostasis of Cl- then lead to a wide range of diseases; acquired or hereditary as

diverse as cystic fibrosis, myotonia congenita, epilepsy, hyperekplexia, lysosomal

storage disease, Bartter syndrome, deafness, renal salt loss, kidney stones and

osteopetrosis [11–20]. Along with potassium channels, Cl- selective channels are

also emerging among the most active channels during tumor genesis [21–23].

1.1 Chloride regulation in brain cells

In the adult central nervous system, transient inhibitory activity is triggered by

the synaptic release of GABA and glycine. The opening of the associated chan-

nels establishes a current, which is mainly sustained by the movement of Cl-

along their electrochemical gradient. Therefore, the intracellular concentration

of Cl- ([Cl-]i) determines the amplitude of the inhibitory currents. The interest in

measuring directly [Cl-]i increased with the dawning of the notion that GABA and

glycine exert an excitatory action early during development due to the gradual
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Chapter 1. Introduction

evolution of the reversal potential of Cl- [24–29]. This discovery suggested a com-

plexity of the mechanisms underlying the regulation of [Cl-]i that was previously

unsuspected [30]. In these studies, the development of Cl- homeostasis was in-

ferred by measuring the reversal potential of the GABAA current, rather than by

a direct measurement of the concentration. Reverse potential measurements are

still used to generate important insights in the field, but critical drawbacks are

recognized to the adoption of this method:

1) measurements of the reversal potential provide an imperfect estimate of in-

tracellular Cl- because the GABAergic current contains a bicarbonate com-

ponent (see later);

2) [Cl-]i can be affected by the pipette content unless recording is performed in

the perforated patch configuration, which is characterized by an inherently

larger and more variable access resistance;

3) measurement of the reversal potential for GABAergic current in vivo (i.e. live

brain) would be extremely challenging and labor-intensive to achieve.

Nevertheless, reverse potential methods allowed neuroscientists to shape our

current knowledge on the regulation of Cl- concentration within neurons: an

equilibrium between passive fluxes through membrane conductance, and energy-

dependent fluxes mediated by the cotransporters NKCC1 and KCC2 [31]. Pas-

sive fluxes follow the Cl- electrochemical gradient, while the cotransporters are

responsible for moving Cl- away from equilibrium (Fig. 1.1) [32]. Both cotrans-

porters are driven by ionic gradients, with NKCC1 using the sodium gradient to

move potassium and Cl- into the cell and KCC2 using the potassium gradient to

move Cl- out. In the immature brain, NKCC1 is the most abundant molecule de-

termining high [Cl-]i levels. During normal brain development, however, NKCC1

expression decreases meanwhile KCC2 expression increases. These concomitant

1.1. Chloride regulation in brain cells 13



events decrease the [Cl-]i to a level consistent with its inhibitory role in the adult

brain [33–36]. An alternative view suggests that the Cl- level is also affected by

electrical charges arranged outside of the cell membrane in the extracellular ma-

trix [37,38].

Figure 1.1: Ion transporters involved in the regulation of neuronal Cl− and bicarbon-
ate levels. GABA receptors are permeable for both Cl− and bicarbonate. Several anion
transporters are expressed in neurons and may thus also affect GABA signaling. Whereas
NKCC1 is the main Cl− accumulating transporter in most neurons, KCC2 is the most im-
portant Cl− extruder. Anion-transporters of the SLC4A family of bicarbonate transporters
can be sub-classified in Na+ dependent (NDCBE, NCBE) and Na+ independent anion ex-
changers (AE1,2,3). According to the stoichiometry Na+ coupled bicarbonate co-transports
can be either electroneutral (NBCn) or electrogenic (NBCe). Although carbonic anhydrases
cannot change the existing bicarbonate gradients, they promote anion transport by members
of the SLC4A family and replenish bicarbonate levels. (Hubner 2013)

To date, also the activity of GABAA currents has been estimated by indirect meth-

ods. For example, in the immature cortex, depolarizing GABAA transmission can

be unveiled by the opening of calcium voltage sensitive channels, which can be

quantified by calcium imaging [39,40]. Voltage sensitive dyes can also be used to

estimate GABAergic currents in slice preparations [41]. The steady state [Cl-]i is

given by the equilibrium between cotransporters, leakage, and tonic activation of

GABAA conductance. The time modulation of [Cl-]i concentration is caused by the

incoming transient activation of synaptic GABAA, in cortical neurons, or glycine

receptors, in the spinal cord, basal forebrain, and retina. Interestingly, both the

GABAA and the glycine ionotropic receptors are permeable to bicarbonate, which

represents about 11 and 20% of the current flowing through the glycine receptor

and GABAA conductance respectively [42,43]. Moreover, the flux of bicarbon-
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Chapter 1. Introduction

ate modulates intracellular pH establishing a coupling between Cl- fluxes and

pH change; a fact with important physiological consequences, but also directly

affecting imaging, since all genetically encoded Cl- sensors are sensitive to pH

changes.

1.2 Why measure intracellular chloride in brain

cells?

Since its onset, fluorescent imaging of ionic concentration had a long love affair

with neuroscience and it is easily argued that, in association with patch clamp,

it has revolutionized our understanding of brain cell physiology. The key advan-

tage of imaging is to allow the temporally and spatially resolved measurement

of ionic concentration in brain cells in cultures, in acute or chronic slices and,

by exploiting two photon excitation, also in vivo. The spatial resolution of these

measures not only allows scientists to study different cells separately, but to im-

age changes occurring in different sub cellular domains as minute as dendritic

spines [44,45]. Most imaging studies have been performed with sensors for cal-

cium, because of its essential role in the regulation of intracellular signaling

and biochemistry. Furthermore, the dynamics of [Ca]i are considered as a proxy

that reveals the underlying electrical activity of neurons: elevations in calcium

are interpreted as evidence of net excitatory input and firing patterns can, at

least in principle, be reconstructed from the time course of the somatic calcium

changes [46]. Calcium increases are caused by the activation of voltage sensi-

tive calcium channels that open in response to membrane depolarization. In

the post-synaptic volume, calcium increases report both the activation of voltage

sensitive channels and the incoming excitatory input though NMDA receptors

1.2. Why measure intracellular chloride in brain cells? 15



[47–49]. Thus, the spatially and temporally resolved imaging of calcium changes

holds the key to decode the integration of excitatory synaptic inputs on a neuron.

Just as calcium fluxes indicate neuronal firing and integration of excitatory in-

puts, Cl- fluxes signal the activation of the ionotropic GABA currents, which are

the main mediator of synaptic inhibition in the postnatal cortex. Therefore, imag-

ing of Cl- fluxes could well represent a crucial tool to understand the dynamic

arrangement of ionotropic inhibitory inputs on neurons. The interpretation of the

measures of intracellular concentration must take into account a fundamental

difference between the electrochemical state of equilibrium for calcium and chlo-

ride. The reversal potential of calcium is so positive that it is outside the range of

potentials experienced by cells, such that the opening of a calcium conductance

always results in calcium influx. Furthermore, given the strong buffering of cal-

cium, neuronal firing leads to only relatively modest increases in free calcium

concentration under normal physiological conditions, and thus the driving force

for calcium is only marginally dependent on activity. The situation is different

for Cl-: because its gradient is rather shallow, the Cl- reversal potential is not

strongly negative and depolarizes further when [Cl-]i increases. If [Cl-]i exceeds

about 20–25 mM, the opening of GABAA channels depolarizes the membrane po-

tential of a resting neuron toward the threshold potential for the activation of

sodium channels. This dual role for GABA is often referred to as “hyperpolariz-

ing” or “depolarizing” GABA [30]. It is clear that the switch between these two

drastically different operation modes for GABAA action, depends critically on the

absolute value of [Cl-]i, providing a paradigmatic example of the importance of di-

rectly measuring Cl- concentration. In early embryonic and postnatal life, GABA

acts as the primary excitatory neurotransmitter. This occurs because Cl- con-

centration is so high that the opening of GABAA receptors brings neurons over

the action potential threshold. As the glutamatergic transmission matures, [Cl-]i

16



Chapter 1. Introduction

decreases, opening of GABAA channels hyper-polarizes the neuron’s membrane

potential and thus Cl- fluxes move into neurons; henceforth GABAA assumes its

inhibitory role. The experimental evidences of this shift are extensive (see [30]

for a review) and, although imaging measurements of the developmental shift of

[Cl-]i were obtained in neuronal cultures [50] and brain slices [37,51,52], a direct

and pH independent measurement of Cl- concentration in vivo during develop-

ment has yet to be produced. Astrocytes are the second great family of cells in

the brain. In the last two decades we have learned that they do not simply play

a crucial role in the control of the extracellular homeostasis and on the coupling

between brain and circulation but they also exert important modulatory effects

on synaptic plasticity [53,54]. Although astrocytes do not possess a significant

complement of voltage dependent conductances, they are endowed with a mem-

brane that is enriched with a cohort of channels and transporters [55]; a fact that

suggests a finely regulated intracellular environment. Indeed, in the last decade

calcium imaging has revealed that astrocytes have a highly dynamic internal life,

characterized by a complex spatiotemporal activity [56]. Astrocytes and neurons

are engaged in a complex bidirectional dialog: synaptic activity modulates the

internal state of astrocytes and, in turn, they release gliotransmitters that mod-

ulate neuronal function and synaptic transmission [53]. Although astrocytes

are not excitable in a classic sense, they interact with the extracellular and ex-

tra synaptic environment through a multitude of mechanisms that are in many

ways more complex than the ones operating in neurons. Ionic regulation in as-

trocytes is rather complex as underlined by the effects of neuronal activity on the

intracellular concentration of calcium and sodium. Although the field has been

little explored, the available biochemical evidences suggest that also Cl- fluxes

in astrocytes are coupled to neuronal activity. Cl- in astrocytes is regulated by

the concerted activity of cotransporters and Cl- channels. The cotransporters for

1.2. Why measure intracellular chloride in brain cells? 17



GABA and glutamate are central to astrocyte function. Interestingly, the oper-

ation of glutamate and GABA transporters are coupled to fluxes of protons and

Cl-, respectively. Thus, we can expect to see changes in intracellular pH and Cl-

also in astrocytes during intense synaptic function and, hopefully, this will open

a new window on the understanding of the activity dependent interplay between

neurons and glia [57].

1.3 Chemical indicators

The earliest indicators for chloride imaging were synthetic dyes based on quino-

line and they come in three variants: 6-methoxy-N-(3-sulfopropyl)quinolinium

(SPQ), N-(ethoxycarbonylmethyl)-6-methoxyquinolinium bromide (MQAE)and 6-

methoxy-N-ethylquinolinium iodide (MEQ). All these dyes share a similar mech-

anism of operation: an excited molecule by colliding with a chloride ion, returns

to the fundamental state through a non-radioactive path. An increase in Cl- con-

centration is thus signaled by a decrease in fluorescence without any change in

either the excitation or emission spectra. This molecular process is commonly

described as dynamic quenching of the sensor fluorescence. Chemical indica-

tors are usually not ratiometric and thus cannot provide an absolute estimate

of Cl- concentration; in fact, their fluorescence intensity depends not only on Cl-

concentration but also on the dye concentration and optical thickness at each lo-

cation. In principle it is possible to assemble a ratiometric dye by coupling the Cl-

sensitive molecule with a Cl- insensitive dye. This type of chemical dyes are not

currently available for experimentation, but the synthesis procedure has been

successfully developed [58]. On the positive side, these dyes are rather insen-

sitive to bicarbonate concentration and pH variations, moreover, their kinetics

for Cl- association is very fast. For indicators based on fluorescence dynamic

18



Chapter 1. Introduction

quenching, the Stern–Volmer equation (Eq. 1.1) describes the relationship be-

tween fluorescence and Cl- concentration.

F ([Cl−]) = F0

1 + KSV [Cl−]
(1.1)

The parameter F0 indicates the fluorescence intensity in the absence of Cl-

and the Stern-Volmer constant KSV corresponds to the Cl- concentration at

which F = F0/2. Thus the Stern–Volmer constant defines the optimal working

range of the chemical dye and it should be determined in the cells of interest

because the variability in the cytosol environment – e.g. temperature, ionic

strength and interaction with membrane structures – can affect substantially

its value. Quinolinium-based dyes have their excitation peak at about 350 nm

and emission at 440–460 nm; this is unfortunate since UV excitation is strongly

prone to cause photodamage and it has a very limited penetration in deep

tissues. These chemical indicators suffer from further experimental limitations

that have curtailed their usefulness: their loading and stable retention are

suboptimal especially at temperatures above 30 °C [59], and they are also prone

to photobleaching [60,61].

Important results have been obtained with these dyes even if the calibration pro-

cedures and controls necessary to overcome their limitations can be rather com-

plex and provide only limited quantitative control on the measurement – see [62]

for an interesting analysis of MEQ signals. These early exploratory efforts at

imaging the world of Cl- distribution improved our understanding on both Cl-

regulation and the role of symporters in a variety of brain systems, including

cortical neurons [60], rod retinal cells [63] and motoneurons [64]. These studies

have also provided insights into pathological conditions that are affected by dys-

regulation of Cl- homeostasis, a theme that is now in great development [65–68].

1.3. Chemical indicators 19



As a testimony of the ingenuity of the experimenters, chemical dyes have also

provided an estimate of the changes occurring in the absolute Cl- concentration

during brain development, providing support to the depolarizing GABA model

[59,62,69].

Most of these studies have employed conventional wide-field illumination, but

chemical dyes can also be used with scanning microscopes. This application

has lagged behind, likely because of the cost of the early UV lasers. The intro-

duction of relatively low cost solid state blue and UV lasers might increase the

potential usefulness of these dyes. In acute brain slices loaded with MEQ, UV

laser-scanning confocal microscope revealed GABA-mediated changes of [Cl-]i in

single neurons [60]. The authors showed that pressure injection of muscimol,

an agonist of the GABAA receptor, causes rapid Cl- fluxes; demonstrating how

chloride imaging can reveal transient inhibitory activity. More recently, an im-

portant step toward chloride imaging in vivo came with the demonstration that

MQAE can be imaged by two photon excitation [70,71]. Here, the membrane

permeable dye MQAE has been successfully loaded in acute brain slices and it

was found that two photon excitation causes much less photodamage and pho-

tobleaching than UV illumination. This property enables longer recordings and

measurements of Cl- fluxes in dendrites. A quite interesting fact derives from the

analysis of the collisional quenching mechanism that is involved in the operation

of these dyes: the higher the concentration of Cl-, the shorter the average time

elapsing between collisions. If the concentration is high enough that the mean

interval between collisions is shorter than the mean lifetime of fluorescence, the

observed lifetime of the dye is shortened with increasing concentration of Cl- [72].

The consequence of this is that the measurement of the fluorescence lifetime pro-

vides an absolute measure of Cl- concentration that is free from the influence of

sensor concentration. This property has been used: to measure the absolute

20



Chapter 1. Introduction

concentration of Cl- in the olfactory epithelium and demonstrate the existence

of a Cl- concentration gradient between the sensory dendrites and the cell body

[73]; to follow the maturation of Cl- homeostasis in dorsal root ganglia [74]; and

to monitor the effects of inflammatory processes on Cl- regulation [75].

1.4 Genetically encoded indicators

Genetically encoded indicators are based on the green fluorescent protein (GFP)

from the jellyfish Aequorea victoria. The potential of GFP as a molecular probe

was first recognized when it was expressed heterologously in nematode to track

gene expression in the sensory neurons [76]. Remarkably, the chromophore of

GFP is formed by an auto catalytic, post-translational cyclization and oxidation

of the polypeptide backbone; making the GFP fluorescence genetically encodable.

Since then, GFP has been extensively engineered to improve folding and matura-

tion in eukaryotes at 37 °C [77], to enhance fundamental fluorescence properties

like brightness and photostability [78], and to expand the available color palette

[79]. GFP and GFP homologous, discovered in species other than Aequorea vic-

toria, have become essential probes in cell biology [80] and appreciated in a wide

variety of applications [81,82]. While the pH dependence of GFP fluorescence

was already known, the opportunity to quantify [Cl-]i using GFP-based indica-

tors arose when it was discovered that the fluorescence of the yellow fluorescent

protein (YFP) – a GFP containing S65G, V68L, S72A, and T203Y mutations –

strongly depends also on the environment concentration of halogens [83].

1.4. Genetically encoded indicators 21



Probe Cl– Kd (mM) I– Kd (mM) Selected reference

Table 1.1: Chloride and iodide affinity values for various probes at pH�7.35.

Probe Cl– Kd (mM) I– Kd (mM) Selected reference

MQAE N-(6-methoxyquinolyl)1 13 [70]

acetoethyl ester23 40 [84]

SPQ 6-methoxy-N-(3-sulphopropyl)4 118 276 [85]

quinolinium 8.5

YFP 777 [86]

YFP-H148Q 106 11 [87]

5 154.4 23.2 [86]

YFP-H148Q-I152L 85 1.9 [87]

YFP-H148Q-V163S 39 62 [87]

YFP-H148Q-V150A-I152L6 61 9 [87]

YFP-H148Q-V163T-F165Y7 55 5 [87]

On the one hand, point mutations were introduced into YFP to reduce its sensitiv-

ity to pH and anion-concentration changes leading to two well known FP: Citrine

[88], which contains the Q69M mutation, and Venus [89], which contains the

F46L, F64L, M153T, V163A, and S175G mutations. On the other hand, few

pioneering studies recognized in the halogen sensitivity of YFP fluorescence an

opportunity for developing novel methods to measure intracellular anion concen-

tration [90,91]. In particular, it was found that the introduction of the H148Q

1Stern-Volmer constants
2Stern-Volmer constants
3Measured in cells
4Stern-Volmer constants
5Measured at pH=7.5
6Measured in bacterial lysate at pH=7.5
7Measured in bacterial lysate at pH=7.5
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mutation into YFP produced a highly fluorescent protein with higher affinity for

halides (Tbl. 1.1). Crystallographic analyses showed that YFP-H148Q contains

a specific binding site for halides [86]. YFP-H148Q was successfully used to

develop a cell-based high-throughput assay for screening of agonists against cys-

tic fibrosis transmembrane conductance regulator (CFTR)-mediated halide trans-

port [92,93]. In addition, YFP-H148Q was used as a starting template for gener-

ating random libraries of mutants that could have the potential for enhanced Cl-

affinity [87]. The analysis of 1536 clones resulted in the discovery that in YFP-

H148Q Cl- affinity can be improved by the introduction of hydrophilic amino acid

at position 150 and 163 (Tbl. 1.1). A high-throughput screening based on the

YFP-H148Q-I152L mutant was established for the screening of novel antagonists

of GABAA , GABAC and glycine receptors in HEK293 transfected cells (Kruger et

al., 2005). The same YFP-H148Q-I152L mutant was also used for identifying in-

hibitors of a human calcium-activated Cl- channel [94], engineering a cell-based

imaging of sodium-iodide symporter activity [95], and developing a multiplexed

high-throughput flow cytometry analysis of the glycine receptor (Gilbert et al.,

2009). Among the YFP-H148Q mutants, YFP-H148Q-V163S has been recently

tagged at the N- terminus with a palmitoylation sequence and used for monitor-

ing of intracellular Cl- changes in neuronal processes by live cell imaging of the

midbrain [96]. Membrane targeting of this mutant was shown not to alter the

high sensitivity for Cl- and to be advantageous for stabilizing the fluorophore dur-

ing whole-cell patch-clamp recordings. As with all genetically encoded sensors,

GFP-based Cl- probes show key advantages over chemical probes: (1) they can be

targeted conditionally to specific cell types and to specific sub cellular compart-

ments; (2) they are retained within cells allowing chronic repeated measurements

in vivo; (3) they are generally more photostable than chemical dyes; (4) in contrast

to chemical dyes, the thermodynamic and kinetic parameters for Cl- binding to
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GFP-based probes are concentration independent leading to more robust esti-

mates of the calibration parameters. Furthermore, chemical dyes exhibit large

variability in the Stern-Volmer constant when different calibration settings are

used. For example, KSV values for MQAE can vary from 185 M−1 in vitro to a range

of values between 2 to 40 M−1 in vivo [73]. This large concentration-dependent

variability is probably the result of self-quenching at high dye concentrations

(>100 μM) and of dye interactions with other anions e.g., HPO4
2− and HCO3

−

within cells.

1.5 Ratiometric chloride indicators

Cl- indicators based on a single YFP provide a single optical signal (see sec. ??)

that cannot properly account for variations in local probe concentration, opti-

cal path length, light scattering, illumination intensity, and photobleaching. It

has been repeatedly proven that these difficulties can be overcome by measuring

the ratio between two optical signals that possess different dependency on the

physiological parameter under study. Depending on the spectral properties of

the sensor, these signals can be obtained by measuring two fluorescence emis-

sion bands or by changing the excitation wavelengths. Moreover, ratiometric

methods allow accurate and precise measurement even in cells with complicated

geometry such as neurons [97]. Indeed, a crucial development in genetically

encoded Cl- biosensors occurred with the development of the first ratiometric

YFP-based Cl- biosensor Clomeleon [50]. Clomeleon consists of two fluorescent

proteins, CFP and Topaz, joined by a flexible polypeptide linker of 24 amino acids.

Topaz is a YFP mutant, containing the H79R and L68V mutations (see alignment

in Fig. 1.5), which is sensitive to Cl-. Because of the spectral overlap between

CFP emission and Topaz absorbance, and the close spatial proximity between

24



Chapter 1. Introduction

the two fluorophores, fluorescence resonance energy transfer (FRET) occurs. Cl-

binding to Topaz reduces its emission, and leads to a decrease in the degree of

FRET or, in more simple words, a change in color from yellow to cyan of the

emitted fluorescence. As the CFP fluorescence is free from the influence of Cl-

concentration, exciting the CFP (at 440 nm) and measuring the emission ratio

of Topaz relative to CFP (485 ± 15 nm/530 ± 15 nm) provides an absolute mea-

surement of the Cl- concentration. Clomeleon allowed studies to image synaptic

inhibition and [Cl-]i in cultured neurons; and it has since been used in a wide

range of applications both in slices and in culture. A line of transgenic mice

that express Clomeleon under the control of the neuron-specific Thy1 promoter

is available [51] and these mice have been used to demonstrate the spatiotempo-

ral dynamics of inhibitory activity in various brain areas, from hippocampus to

deep cerebellar nuclei [98]. Expressed in Arabidopsis, Clomeleon allowed chlo-

ride imaging in plants [99]. Clomeleon-based imaging was also demonstrated in

a wide range of microscopy setup and techniques, including fluorescence lifetime

imaging [100,101], 2-photon excitation microscopy [37,51,102,103] and confocal

spinning-disk [51].
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Figure 1.2: Alignment of Cl− binding GFP variants. Reference sequence is wild-type
GFP (UniProtKB entry P42212). Color-highlight indicates hydropathy index: discrimination
between acidic and basic, polar uncharged and hydrophobic nonpolar residues are highlighted
in the legend.

Clomeleon is unfortunately characterized by a few but significant limitations. Its

signal displays substantial and complicated pH-dependence, and its Cl- affinity

is far from physiological [Cl-]i. Cl- dissociation constant values from 87 to 167

mM were reported [50,51,103] whereas physiological [Cl-]i lies within the range
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from 3 to 60 mM. The large variability of the reported values for Cl- Kd could

be explained by the steep dependence of the Cl- Kd on pH. In fact the appar-

ent Cl- Kd of Clomeleon spans two orders of magnitude in the pH range from

6 to 8 [10]. While it is well known that fluorescence emission intensity is sub-

stantially affected by pH variations, it is less recognized that pH variations can

alter the degree of FRET reported by numerous FRET-based biosensors. In gen-

eral, pH changes around physiological values influence both the acceptor and

the donor fluorescences altering their excitation and emission spectra as well

as their Forster distance, at which the efficiency of FRET is 50%. Assuming

that the average donor-acceptor distance is predetermined by the design of the

biosensor construct, a pH variation itself can modify the FRET efficiency of any

GFP- derived donor-acceptor pair. In Clomeleon, pH changes perturb the FRET-

based Cl- measurement in a manner that is difficult to predict and correct. In

particular, pH-dependent changes of (donor) CFP lifetime have been analyzed

in a detailed study that successfully exploited Clomeleon in fluorescence life-

time imaging microscopy despite the complex multi-exponential pH-dependent

fluorescence decay dynamics of the Clomeleon CFP donor [100] . For all these

reasons, the development of ratiometric Cl- biosensors with higher affinity for

Cl- and reduced pH- dependence was highly sought after. The first improvement

on Clomeleon that enhanced the affinity for Cl- was achieved by Cl-sensor [104],

in which the Cl- sensing fluorescent protein Topaz was substituted by the YFP-

H148Q-I152L- V163S mutant. The YFP-H148Q-I152L-V163S mutant combines

two mutations that were previously identified for their higher Cl- affinities relative

to YFP-H148Q (Tbl. 1.1). As in Clomeleon, YFP-H148Q-I152L-V163S is joined

to CFP by a flexible 20-amino acid linker. Cl-sensor calibration in cells yielded

a remarkable value of 30 mM for the Cl- Kd , a value that matches the physi-

ological [Cl-]i optimally. The excitation spectra of Cl-sensor is characterized by
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the presence of a Cl-independent isosbestic point at 465 nm, which is a useful

feature for the recordings of Cl- transients using conventional microscopes and

rapid switching between excitation wavelengths. Borrowing the same design of

Clomeleon, Cl-sensor displays the same subtle pH- dependence of the FRET read-

out, which hinders precise and pH-independent Cl- measurements. Recently, a

line of transgenic mice expressing Cl-sensor under the Thy1 promoter has been

generated [105]. The optimization of Clomeleon-based biosensors is a process

not yet completed. By cell-free protein engineering methods, a random library of

Clomeleon variants was recently synthesized and screened for improved Cl- affin-

ity and dynamic range [106]. This synthetic approach, which bypasses cloning

steps, was used to investigate how the performance of Clomeleon is influenced

by seven residues encompassing the halogen-binding site as defined by crystallo-

graphic analysis. This study found that the best signal-to-noise ratio in cellular

imaging is obtained with YFP variants that remain highly fluorescent and ex-

hibit Cl- affinity that matches the [Cl-]i at rest. At the end of their remarkable

effort, the authors selected the double mutation Q69T-V163A, which possess

a high affinity for Cl- with a Kd of 21.2 ± 2.2 mM at pH = 7.1. Unfortunately,

Q69T-V163A remains highly dependent on pH changes with a pKa value of 6.4

± 0.1. This new variant was substituted in the original Clomeleon to obtain

SuperClomeleon [106], in which three further optimizing modifications were in-

troduced: (1) a brighter donor with the upgrade of CFP to Cerulean, (2) a shorter

linker that optimizes the SNR of the biosensor in cultured neurons, and (3) the

additional mutation S30R to enhance stability and brightness of both Cerulean

donor and YFP-Q69T-V163A acceptor. Overall, SuperClomeleon exhibits a more

than fourfold improvement in SNR over the original Clomeleon.
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1.6 Chloride binding fluorescent proteins and their

pH dependence

Many of the listed Cl- biosensors e.g., Clomeleon, Cl-Sensor and SuperClomeleon

exhibit relatively high sensitivity to pH. Indeed, all available Cl- biosensors, ei-

ther ratiometric or non ratiometric, are based on fluorescent proteins derived

from the Aequorea victoria GFP. The common element is the T203Y mutation,

which is present in all YFP and is required for Cl- binding in GFP [107,108]. Un-

avoidably, fluorescence of all these YFP and GFP variants is pH-sensitive with

acidification suppressing fluorescence emission and confounding the measure-

ments of Cl- concentration. At low [Cl-]i (below 25 mM) the errors introduced by

changes in intracellular pH values should be moderate, likely in the range from

10 to 20%. For instance, by loading the pH indicator BCECF-AM in YFP-H148Q-

I152L expressing cells, variations of the fluorescence of YFP of about 15% were

quantified for pH changes of 0.2 units around the physiological pH of 7.0 [95].

Nevertheless in the same study, the pH-dependence of the dissociation constant

remains the main source of error with reported iodide Kd of 1.4, 2.0 and 2.4

mM at pH values of 6.8, 7.0 and 7.2, respectively. In agreement to Grynkiewicz

equation [109], measured ion concentration is directly proportional to Kd ; so an

undetected pH change from 7.0 to 6.8 would lead to an overestimation of [Cl-]i

of about 45%. These arguments suggest that the pH dependency of Cl- biosen-

sors is especially troublesome when shifts in intracellular pH are expected, e.g.,

during intense synaptic activity or epileptiform activity [110,111].

Measurement of the intracellular pH is thus needed to quantify the Cl- affin-

ity of YFP-based probes and ultimately to measure the exact [Cl-]i value. This

disadvantage of GFP based sensors also offers a great opportunity: if properly
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designed, a GFP based Cl- sensor would allow the simultaneous measurement of

intracellular pH and Cl- concentration. A response to this problem is provided by

ClopHensor which was engineered to allow the simultaneous readout of pH and

Cl- [112]. Similar to the members of the Clomeleon family, ClopHensor is also a

fusion construct linking two FP, DsRed-monomer and the EGFP-T203Y mutant,

by a flexible 20-amino acid linker. EGFP-T203Y, also known as E2GFP, is a highly

accurate ratiometric pH biosensor – with a pKa of about 6.8 at 37 °C – with an

isosbestic point in the excitation spectrum at 458 nm [113]. In EGFP, the single

mutation T203Y introduces a specific halogen-binding site, which is located in a

different position with respect to YFP-H148Q as shown by crystallographic anal-

yses (pdb codes 1f09 and 2o2b). E2GFP loses its fluorescence upon Cl- binding

because of static quenching. This fact allows accurate pH measurements free

from the influence of [Cl-]i variations, because the excitation and emission spec-

tra remain unchanged through variations in Cl- concentration. In the case of

E2GFP, the Cl- Kd dependence on pH was thoroughly examined [108] revealing

cooperative binding of Cl- and protons that can be mathematically expressed in

Eq. 1.2

Kd(pH) = K1
d

1 + 10pKa−pH

10pKa−pH
(1.2)

where K1
d is the Cl- Kd of the proton-ligated form of E2GFP, and pKa is the

logarithm of the association constant of proton to chloride-free E2GFP. DsRed-

monomer fluorescence is insensitive to variation in either [Cl-]i or pH and can

be excited and detected in a separate region of the spectral range relative to

E2GFP. The red signal is used to compensate for changes in optical thickness,

and provides an accurate reference signal to compute Cl- concentration. Over-

all, ClopHensor spectral changes are ideally suited for ratiometric operation at
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three excitation wavelengths: 488, 458, and 560 nm. [Cl-]i measurements and

chloride-independent pH measurements are derived from the ratios 458/560 and

488/458, respectively. In comparison to FRET based sensors, like Clomeleon,

ClopHensor prevents the occurrence of subtle variations in the degree of FRET

generated by pH-dependent variations of the GFP fluorescence. The cost of this

is somewhat reduced time resolution, imposed by the need for sequential acqui-

sition of three excitation wavelengths, and a less simple analysis. Cl- concen-

tration estimates in a region of interest must follow pH estimates and a corre-

sponding calculation of the Cl- Kd (according to Eq. 1.2). It has been recently

reported that the expression of ClopHensor in hippocampal pyramidal neurons

often results in highly heterogeneous DsRed intracellular aggregates. Substitu-

tion of tandem-Tomato for DsRed in ClopHensor yielded an improved version for

neuronal imaging, ClopHensorN ; although at the cost of a 50% size increase

[110,111]. ClopHensorN permitted measurements of activity-dependent ion dy-

namics in hippocampal neurons.
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Chloride homeostasis has a pivotal role in controlling neuronal excitability in the adult
brain and during development. The intracellular concentration of chloride is regulated by
the dynamic equilibrium between passive fluxes through membrane conductances and
the active transport mediated by importers and exporters. In cortical neurons, chloride
fluxes are coupled to network activity by the opening of the ionotropic GABAA receptors
that provides a direct link between the activity of interneurons and chloride fluxes. These
molecular mechanisms are not evenly distributed and regulated over the neuron surface
and this fact can lead to a compartmentalized control of the intracellular concentration of
chloride. The inhibitory drive provided by the activity of the GABAA receptors depends on
the direction and strength of the associated currents, which are ultimately dictated by the
gradient of chloride, the main charge carrier flowing through the GABAA channel.Thus, the
intracellular distribution of chloride determines the local strength of ionotropic inhibition and
influences the interaction between converging excitation and inhibition. The importance
of chloride regulation is also underlined by its involvement in several brain pathologies,
including epilepsy and disorders of the autistic spectra. The full comprehension of the
physiological meaning of GABAergic activity on neurons requires the measurement of the
spatiotemporal dynamics of chloride fluxes across the membrane. Nowadays, there are
several available tools for the task, and both synthetic and genetically encoded indicators
have been successfully used for chloride imaging. Here, we will review the available
sensors analyzing their properties and outlining desirable future developments.

Keywords: chloride imaging, inhibitory and excitatory neurotrasmission, Clomeleon, chloride binding site,

intracellular chloride

CHLORIDE REGULATION IN BRAIN CELLS
In the adult central nervous system, transient inhibitory activ-
ity is expressed by the synaptic release of GABA and glycine and
by the activation of the relevant ionotropic receptors. The open-
ing of the associated channels allows the flux of a current mainly
carried by chloride ions moving along their electrochemical gra-
dient and therefore, the intracellular concentration of chloride
([Cl]i) determines the amplitude of the inhibitory currents. The
interest in measuring directly [Cl]i increased with the dawning
of the notion that GABA and glycine exert an excitatory action
early during development due to the gradual evolution of the
reversal potential of chloride (Obata et al., 1978; Ben-Ari et al.,
1989; Cherubini et al., 1990; Wu et al., 1992; Kandler and Friauf,
1995; Ehrlich et al., 1999). This discovery suggested a complex-
ity of the mechanisms underlying the regulation of [Cl]i that
was previously unsuspected (Ben-Ari, 2002). In all these stud-
ies, the development of chloride homeostasis was inferred by
measuring the reversal potential of the GABAA current, rather
than by a directly measuring the concentration. This method
continues to produce important insights in the field, but it has
some drawbacks: (a) measurements of the reversal potential pro-
vide an imperfect estimate of intracellular chloride because the

GABAergic current contains a bicarbonate component (see later);
(b) [Cl]i can be affected by the pipette content unless record-
ing is performed in the perforated patch configuration which is
characterized by an inherently larger and more variable access
resistance; (c) measurements of the reversal potential of the
GABAergic current in vivo would be extremely challenging and
labor-intensive.

Regardless, these studies have paved the way to the present
understanding of [Cl]i regulation: an equilibrium between passive
fluxes through membrane conductance, and energy-dependent
fluxes mediated by the cotransporters NKCC1 and KCC2 (Delpire,
2000). Passive fluxes follow the chloride electrochemical gradient,
while the cotransporters are responsible for moving chloride away
from equilibrium. Both cotransporters are driven by ionic gradi-
ents, with NKCC1 using the sodium gradient to move potassium
and chloride into the cell and KCC2 using the potassium gradient
to move chloride out. In the immature brain, NKCC1 is the most
abundant molecule determining high [Cl]i levels. During nor-
mal brain development, however, NKCC1 expression decreases
meanwhile KCC2 expression increases. These concomitant events
decrease the [Cl]i to a level consistent with its inhibitory role in the
adult brain (Plotkin et al., 1997; Clayton et al., 1998; Lu et al., 1999;
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Rivera et al., 1999) – see also (Glykys et al., 2014) for an alternative
view.

The activity of GABAA currents has been estimated by indi-
rect methods. For example, in the immature cortex, depolarizing
GABAA transmission can be unveiled by the opening of calcium
voltage sensitive channels, which can be quantified by calcium
imaging (Canepari et al., 2000; Ganguly et al., 2001). Also voltage
sensitive dyes can be used to estimate GABAergic currents in slice
preparations (Canepari et al., 2010).

The steady state concentration of intracellular chloride is given
by the equilibrium between cotransporters, leakage, and tonic acti-
vation of GABAA conductance. The time modulation of chloride
concentration is caused by the incoming transient activation of
synaptic GABAA, in cortical neurons, or glycine receptors, in the
spinal cord, basal forebrain, and retina. Interestingly, both the
GABAA and the glycine ionotropic receptors are permeable to
bicarbonate, which represents about 11 and 20% of the current
flowing through the glycine receptor and GABAA conductance
respectively (Bormann et al., 1987; Kaila et al., 1993). Moreover,
the flux of bicarbonate modulates intracellular pH establishing
a coupling between chloride fluxes and pH change; a fact with
important physiological consequences, but also directly affecting
imaging, since all genetically encoded chloride sensors are sensitive
to pH changes.

WHY MEASURE INTRACELLULAR CHLORIDE IN BRAIN
CELLS?
Since its onset, fluorescent imaging of ionic concentration had
a long love affair with the neurosciences and it is easily argued
that, in association with patch clamp, it has revolutionized our
understanding of brain cell physiology. The key advantage of
imaging is to allow the temporally and spatially resolved mea-
surement of ionic concentration in brain cells in cultures, in
acute or chronic slices and, by exploiting two photon excitation,
also in vivo. The spatial resolution of these measures not only
allows scientists to study different cells separately, but to image
changes occurring in different sub cellular domains as minute
as dendritic spines (Guthrie et al., 1991; Müller and Connor,
1991). Most imaging studies have been performed with sensors
for calcium, because of this ion’s essential role in the regula-
tion of intracellular signaling and biochemistry. Furthermore,
the dynamics of [Ca]i are considered as a proxy that reveals the
underlying electrical activity of neurons: elevations in calcium
are interpreted as evidence of net excitatory input and firing pat-
terns can, at least in principle, be reconstructed from the time
course of the somatic calcium changes (Smetters et al., 1999). Cal-
cium increases are caused by the activation of voltage sensitive
calcium channels that open in response to membrane depolar-
ization. In the post-synaptic volume, calcium increases report
both the activation of voltage sensitive channels and the incom-
ing excitatory input though NMDA receptors (Yuste and Denk,
1995; Yuste et al., 1999; Noguchi et al., 2005). Thus, the spatially
and temporally resolved imaging of calcium changes holds the
key to decode the integration of excitatory synaptic inputs on a
neuron. Just as calcium fluxes indicate neuronal firing and inte-
gration of excitatory inputs, chloride fluxes signal the activation
of the ionotropic GABA currents, which are the main mediator

of synaptic inhibition in the postnatal cortex. Therefore, imaging
of chloride fluxes could well represent a crucial tool to under-
stand the dynamic arrangement of ionotropic inhibitory inputs
on neurons.

The interpretation of the measures of intracellular concentra-
tion must take into account a fundamental difference between
the electrochemical state of equilibrium for calcium and chloride.
The reversal potential of calcium is so positive that it is outside the
range of potentials experienced by cells, such that the opening of
a calcium conductance always results in calcium influx. Further-
more, given the strong buffering of calcium, neuronal firing leads
to only relatively modest increases in free calcium concentration
under normal physiological conditions, and thus the driving force
for calcium is only marginally dependent on activity. The situation
is different for chloride: because its gradient is rather shallow, the
chloride reversal potential is not strongly negative and depolarizes
further when [Cl]i increases. If [Cl]i exceeds about 20–25 mM, the
opening of GABAA channels depolarizes the membrane potential
of a resting neuron toward the threshold potential for the activa-
tion of sodium channels. This dual role for GABA is often referred
to as “hyperpolarizing” or “depolarizing” GABA (Ben-Ari, 2002).
It is clear that the switch between these two drastically differ-
ent operation modes for GABAA action, depends critically on the
absolute value of [Cl]i, providing a paradigmatic example of the
importance of directly measuring chloride concentration. In early
embryonic and postnatal life, GABA acts as the primary excitatory
neurotransmitter. This occurs because chloride concentration is
so high that the opening of GABAA receptors brings neurons over
the action potential threshold. As the glutamatergic transmission
matures, [Cl]i decreases, opening of GABAA channels hyperpo-
larizes the neuron’s membrane potential and chloride fluxes are
directed into neurons; henceforth GABAA assumes its inhibitory
role. The experimental evidences of this shift are extensive (see
Ben-Ari, 2002 for a review) and, although imaging measurements
of the developmental shift of [Cl]i were obtained in neuronal cul-
tures (Kuner and Augustine, 2000) and brain slices (Berglund et al.,
2006; Glykys et al., 2009, 2014), a direct and pH independent mea-
surement of chloride concentration in vivo during development
has yet to be produced.

Astrocytes are the second great family of cells in the brain. In
the last two decades we have learned that they do not simply play
a crucial role in the control of the extracellular homeostasis and
on the coupling between brain and circulation but they also exert
important modulatory effects on synaptic plasticity (Perea et al.,
2009; Araque et al., 2014). Although astrocytes do not possess a
significant complement of voltage dependent conductances, they
are endowed with a membrane that is enriched with a cohort
of channels and transporters (Kirischuk et al., 2012); a fact that
suggests a finely regulated intracellular environment. Indeed, in
the last decade calcium imaging has revealed that astrocytes have
a highly dynamic internal life, characterized by a complex spa-
tiotemporal activity (Zorec et al., 2012). Astrocytes and neurons
are engaged in a complex bidirectional dialog: synaptic activity
modulates the internal state of astrocytes and, in turn, they release
gliotransmitters that modulate neuronal function and synaptic
transmission (Perea et al., 2009). Although astrocytes are not
excitable in a classic sense, they interact with the extracellular and
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extrasynaptic environment through a multitude of mechanisms
that are in many ways more complex than the ones operating
in neurons. Ionic regulation in astrocytes is rather complex as
underlined by the effects of neuronal activity on the intracel-
lular concentration of calcium and sodium. Although the field
has been little explored, the available biochemical evidences sug-
gest that also chloride fluxes in astrocytes are coupled to neuronal
activity. Chloride in astrocytes is regulated by the concerted activ-
ity of cotransporters and chloride channels. The cotransporters
for GABA and glutamate are central to astrocyte function. Inter-
estingly, the operation of glutamate and GABA transporters are
coupled to fluxes of protons and chloride, respectively. Thus,
we can expect to see changes in intracellular pH and chloride
also in astrocytes during intense synaptic function and, hopefully,
this will open a new window on the understanding of the activ-
ity dependent interplay between neurons and glia (Egawa et al.,
2013).

CHEMICAL INDICATORS
The earliest indicators for chloride imaging were syn-
thetic dyes based on quinoline and they come in three
variants: 6-methoxy-N-(3-sulfopropyl)quinolinium (SPQ), N-
(ethoxycarbonylmethyl)-6-methoxyquinolinium bromide (MQAE)
and 6-methoxy-N-ethylquinolinium iodide (MEQ). All these dyes
have a similar mechanism of operation: an excited molecule by
colliding with a chloride ion, returns to the fundamental state
through a non-radioactive path. An increase in chloride concen-
tration is thus signaled by a decrease in fluorescence without any
change in either the excitation or emission spectra. This molecu-
lar process is commonly described as dynamic quenching of the
sensor fluorescence. Chemical indicators are usually not ratio-
metric and thus cannot provide an absolute estimate of chloride
concentration; in fact, their fluorescence intensity depends not
only on chloride concentration but also on the dye concentration
and optical thickness at each location. In principle it is possible
to assemble a ratiometric dye by coupling the chloride sensitive
molecule with a chloride insensitive dye. This has been done
by Jayaraman et al. (1999), but to our knowledge, this sensor is
not commercially available. On the positive side, these dyes are
rather insensitive to bicarbonate concentration and pH variations,
moreover, their kinetics for chloride association is very fast. For
indicators based on fluorescence dynamic quenching, the Stern–
Volmer equation describes the relationship between fluorescence
and chloride concentration:

F([Cl]) = F0

1 + KSV [Cl] (1)

The constant KSV is the chloride concentration that quenches
half of the fluorescence and F0 is the fluorescence in zero chlo-
ride. The Stern–Volmer constant KSV is a key parameter which
defines the optimal working range for each dye; it should be deter-
mined in the cells of interest since it can depend significantly on
the chemical and physical characteristics of the cytosolic envi-
ronment, e.g., temperature, ionic strength, and interaction with
membrane structures. Quinolinium-based dyes have their excita-
tion peak at about 350 nm and emission at 440–460 nm; this is

unfortunate since UV excitation is strongly prone to cause pho-
todamage and it has a very limited penetration in deep tissues.
These chemical indicators suffer from further experimental lim-
itations that have curtailed their usefulness: their loading and
stable retention are suboptimal especially at temperatures above
30◦C (Fukuda et al., 1998), and they are also prone to photo-
bleaching (Inglefield and Schwartz-Bloom, 1997; Nakamura et al.,
1997).

Notwithstanding these problems, important results have been
obtained with these dyes even if the calibration procedures
and controls necessary to overcome their limitations can be
rather complex and provide only limited quantitative control
on the measurement – see (Zhang et al., 2006) for an inter-
esting analysis of MEQ signals. These early exploratory efforts
at imaging the world of chloride distribution improved our
understanding on both chloride regulation and the role of
symporters in a variety of brain systems, including cortical
neurons (Inglefield and Schwartz-Bloom, 1997), rod retinal cells
(Thoreson et al., 2003) and motorneurons (Chub et al., 2006).
These studies have also provided insights into pathological con-
ditions that are affected by dysregulation of chloride homeostasis,
a theme that is now in great development (White et al., 1997;
Inglefield and Schwartz-Bloom, 1998; Sah and Schwartz-Bloom,
1999; Yamada et al., 2001). As a testimony of the ingenuity of
the experimenters, chemical dyes have also provided an estimate
of the changes occurring in the absolute chloride concentration
during brain development, providing support to the depolariz-
ing GABA model (Fukuda et al., 1998; Isomura et al., 2003; Zhang
et al., 2006).

Most of these studies have employed conventional wide-field
illumination, but chemical dyes can also be used with scanning
microscopes. This application has lagged behind, likely because of
the cost of the early UV lasers. The introduction of relatively low
cost solid state blue and UV lasers might increase the potential
usefulness of these dyes. In acute brain slices loaded with MEQ,
UV laser-scanning confocal microscope revealed GABA-mediated
changes of [Cl]i in single neurons (Inglefield and Schwartz-Bloom,
1997). The authors showed that pressure injection of musci-
mol, an agonist of the GABAA receptor, causes rapid chloride
fluxes; demonstrating how chloride imaging can reveal transient
inhibitory activity. More recently, an important step toward chlo-
ride imaging in vivo came with the demonstration that MQAE
can be imaged by two photon excitation (Marandi et al., 2002;
Kovalchuk and Garaschuk, 2012). Here, the membrane permeable
dye MQAE has been successfully loaded in acute brain slices and
it was found that two photon excitation causes much less photo-
damage and photobleaching than UV illumination. This property
enables longer recordings and measurements of chloride fluxes
in dendrites. A quite interesting fact derives from the analysis
of the collisional quenching mechanism that is involved in the
operation of these dyes: the higher the concentration of chloride
ions, the shorter the average time elapsing between collisions. If
the concentration is high enough that the mean interval between
collisions is shorter than the mean lifetime of fluorescence, the
observed lifetime of the dye is shortened with increasing concen-
tration of chloride (Kaneko et al., 2002). The consequence of this
is that the measurement of the fluorescence lifetime provides an
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Table 1 | Chloride and iodide affinity for various probes at pH 7.5 and room temperature.

Probe Cl– Kd (mM) I– Kd (mM) Selected reference

MQAE N-(6-methoxyquinolyl)

acetoethyl ester

13* in cuvette Marandi et al. (2002)

40* in cells

SPQ 6-methoxy-N -(3-sulphopropyl)

quinolinium

118* 276* Krapf et al. (1988)

8.5

YFP 777 Wachter et al. (2000)

YFP-H148Q 197 20 Galietta et al. (2001a),

154.4 23.2 Wachter et al. (2000)

YFP-H148Q-I152L 88 3 Galietta et al. (2001a)

YFP-H148Q-V150A-I152L 61 9 Galietta et al. (2001a)

YFP-H148Q-V163S 62 107 Galietta et al. (2001a)

YFP-H148Q-V163T-F165Y 55 5 Galietta et al. (2001a)

YFP-H148Q-V163L 77 21 Galietta et al. (2001a)

*Values for the Stern–Volmer constant are reported in place of the dissociation constant values.

absolute measure of chloride concentration that is free from the
influence of sensor concentration. This property has been used:
to measure the absolute concentration of chloride in the olfactory
epithelium and demonstrate the existence of a chloride concen-
tration gradient between the sensory dendrites and the cell body
(Kaneko et al., 2004); to follow the maturation of chloride home-
ostasis in dorsal root ganglia (Gilbert et al., 2007); and to monitor
the effects of inflammatory processes on chloride regulation (Funk
et al., 2008).

GENETICALLY ENCODED INDICATORS
Genetically encoded indicators are based on the green fluorescent
protein (GFP) from the jellyfish Aequorea victoria. The potential
of GFP as a molecular probe was first recognized when it was
expressed heterologously in nematode to track gene expression in
the sensory neurons (Chalfie et al., 1994). Remarkably, the chro-
mophore of GFP is formed by an auto catalytic, post-translational
cyclization and oxidation of the polypeptide backbone; making
the GFP fluorescence genetically encodable. Since then, GFP has
been extensively engineered to improve folding and maturation in
eukaryotes at 37◦C (Cubitt et al., 1995), to enhance fundamental
fluorescence properties like brightness and photostability (Heim
et al., 1995), and to expand the available color palette (Heim and
Tsien, 1996). GFP and GFP homols, discovered in species other
than Aequorea victoria, have become essential probes in cell biology
(Rizzo et al., 2009) and appreciated in a wide variety of applications
(Day and Davidson, 2009; Chudakov et al., 2010).

While the pH dependence of GFP fluorescence was already
known, the opportunity to quantify [Cl]i using GFP-based indica-
tors arose when it was discovered that the fluorescence of the yellow
fluorescent protein (YFP) – a GFP containing S65G, V68L, S72A,
and T203Y mutations – strongly depends also on the environment
concentration of halogens (Wachter and Remington,1999). On the
one hand, point mutations were introduced into YFP to reduce its
sensitivity to pH and anion-concentration changes leading to two

well known FP: Citrine (Griesbeck et al., 2001), which contains the
Q69M mutation, and Venus (Nagai et al., 2002), which contains
the F46L, F64L, M153T, V163A, and S175G mutations. On the
other hand, few pioneering studies recognized in the halogen sen-
sitivity of YFP fluorescence an opportunity for developing novel
methods to measure intracellular anion concentration (Jayaraman
et al., 2000). In particular, it was found that the introduction of the
H148Q mutation into YFP produced a highly fluorescent protein
with higher affinity for halides (Table 1). Crystallographic anal-
yses showed that YFP-H148Q contains a specific binding site for
halides (Wachter et al., 2000). YFP-H148Q was successfully used
to develop a cell-based high-throughput assay for screening of
agonists against cystic fibrosis transmembrane conductance reg-
ulator (CFTR)-mediated halide transport (Galietta et al., 2001b).
In addition, YFP-H148Q was used as a starting template for gen-
erating random libraries of mutants that could have the potential
for enhanced chloride affinity (Galietta et al., 2001a). The analysis
of 1536 clones resulted in the discovery that in YFP-H148Q chlo-
ride affinity can be improved by the introduction of hydrophilic
amino acid at position 150 and 163 (Table 1). A high-throughput
screening based on the YFP-H148Q-I152L mutant was established
for the screening of novel antagonists of GABAA, GABAC and
glycine receptors in HEK293 transfected cells (Kruger et al., 2005).
The same YFP-H148Q-I152L mutant was also used for identi-
fying inhibitors of a human calcium-activated chloride channel
(De La Fuente et al., 2008), engineering a cell-based imaging of
sodium-iodide symporter activity (Rhoden et al., 2007), and devel-
oping a multiplexed high-throughput flow cytometry analysis of
the glycine receptor (Gilbert et al., 2009). Among the YFP-H148Q
mutants, YFP-H148Q-V163S has been recently tagged at the N-
terminus with a palmitoylation sequence and used for monitoring
of intracellular chloride changes in neuronal processes by live-
cell imaging of the midbrain (Watts et al., 2012). Membrane
targeting of this mutant was shown not to alter the high sen-
sitivity for chloride and to be advantageous for stabilizing the
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FIGURE 1 | Alignment of chloride binding GFP variants. Only residues that
differ from the reference wild-type GFP sequence (UniProtKB entry P42212)
are indicated. If the protein data bank contains structural information of a
given GFP variant, the residues of the chloride binding site are boxed. Color

highlight indicates a residue that forms either van-der-Walls or hydrogen
bonds to the chloride ion. Gray highlight indicates a residue that is located
within a radius of 5 Å around the chloride ion without forming any specific
type of bond.

fluorophore during whole-cell patch-clamp recordings. As with
all genetically encoded sensors, GFP-based chloride probes show
key advantages over chemical probes: (1) they can be targeted
conditionally to specific cell types and to specific sub cellular
compartments; (2) they are retained within cells allowing chronic
repeated measurements in vivo; (3) they are generally more pho-
tostable than chemical dyes; (4) in contrast to chemical dyes,
the thermodynamic and kinetic parameters for chloride binding
to GFP-based probes are concentration independent leading to
more robust estimates of the calibration parameters. Dyes like
MQAE, in fact, display large changes of the Stern–Volmer con-
stant between calibration in vitro, KSV = 185 M−1, and in vivo, KSV

from 2 to 40 M−1 (Kaneko et al., 2004). This large concentration-
dependent variability is probably a result of self-quenching at
high dye concentrations (>100 μM) and of dye interactions with
other anions, e.g., HPO2−

4 and HCO−
3 , within cells (Kaneko et al.,

2004).

RATIOMETRIC CHLORIDE INDICATORS
Chloride indicators based on a single (Y)FP provide a single opti-
cal signal that cannot properly account for variations in local
probe concentration, optical path length, light scattering, illu-
mination intensity, and photobleaching. It has been repeatedly
proven that these difficulties can be overcome by measuring the
ratio between two optical signals that possess different depen-
dency on the physiological parameter under study. Depending on
the spectral properties of the sensor, these signals can be obtained

by measuring two fluorescence emission bands or by changing
the excitation wavelengths. Moreover, ratiometric methods allow
accurate and precise measurement even in cells with complicated
geometry such as neurons (Bullen and Saggau, 1999).

Indeed, a crucial development in genetically encoded chloride
biosensors occurred with the development of the first ratiometric
YFP-based chloride biosensor Clomeleon (Kuner and Augustine,
2000). Clomeleon consists of two fluorescent proteins, CFP and
Topaz, joined by a flexible polypeptide linker of 24 amino acids.
Topaz is a YFP mutant, containing the H79R and L68V muta-
tions (see alignment in Figure 1), which is sensitive to chloride
ions. Because of the spectral overlap between CFP emission and
Topaz absorbance, and the close spatial proximity between the
two fluorophores, fluorescence resonance energy transfer (FRET)
occurs. Chloride binding to Topaz reduces its emission, and
leads to a decrease in the degree of FRET or, in more simple
words, a change in color from yellow to cyan of the emitted
fluorescence. As the CFP fluorescence is free from the influ-
ence of chloride concentration, exciting the CFP (at 440 nm)
and measuring the emission ratio of Topaz relative to CFP
(485 ± 15 nm/530 ± 15 nm) provides an absolute measure-
ment of the chloride concentration. Clomeleon allowed studies
to image synaptic inhibition and [Cl]i in cultured neurons; and
it has since been used in a wide range of applications both in
slices and in culture. A line of transgenic mice that express
Clomeleon under the control of the neuron-specific thy1 pro-
moter is available (Berglund et al., 2006) and these mice have been
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used to demonstrate the spatiotemporal dynamics of inhibitory
activity in various brain areas, from hippocampus to deep cere-
bellar nuclei (Berglund et al., 2008). Expressed in Arabidopsis,
Clomeleon allowed chloride imaging in plants (Lorenzen et al.,
2004). Clomeleon-based imaging was also demonstrated in a
wide range of microscopy setup and techniques, including flu-
orescence lifetime imaging (Jose et al., 2007), 2-photon excitation
microscopy (Berglund et al., 2006; Duebel et al., 2006; Dzhala et al.,
2012; Glykys et al., 2014) and confocal spinning-disk (Berglund
et al., 2006).

Clomeleon is unfortunately characterized by a few but signif-
icant limitations. Its signal displays substantial and complicated
pH-dependence, and its chloride affinity is far from physiological
[Cl]i. Chloride dissociation constant values from 87 to 167 mM
were reported (Kuner and Augustine, 2000; Berglund et al., 2006;
Dzhala et al., 2012) whereas physiological [Cl]i lies within the
range from 3 to 60 mM. The large variability of the reported val-
ues for chloride Kd could be explained by the steep dependence
of the chloride Kd on pH. In fact the apparent chloride Kd of
Clomeleon spans two orders of magnitude in the pH range from
6 to 8 (Bregestovski and Arosio, 2011). While it is well known that
fluorescence emission intensity is substantially affected by pH vari-
ations, it is less recognized that pH variations can alter the degree
of FRET reported by numerous FRET-based biosensors. In gen-
eral, pH changes around physiological values influence both the
acceptor and the donor fluorescences altering their excitation and
emission spectra as well as their Forster distance, at which the effi-
ciency of FRET is 50%. Assuming that the average donor-acceptor
distance is predetermined by the design of the biosensor construct,
a pH variation itself can modify the FRET efficiency of any GFP-
derived donor-acceptor pair. In Clomeleon, pH changes perturb
the FRET-based chloride measurement in a manner that is diffi-
cult to predict and correct. In particular, pH-dependent changes
of (donor) CFP lifetime have been analyzed in a detailed study that
successfully exploited Clomeleon in fluorescence lifetime imaging
microscopy despite the complex multiexponential pH-dependent
fluorescence decay dynamics of the Clomeleon CFP donor (Jose
et al., 2007).

For all these reasons, the development of ratiometric chloride
biosensors with higher affinity for chloride and reduced pH-
dependence was highly sought after. The first improvement on
Clomeleon that enhanced the affinity for chloride was achieved by
Cl-sensor (Markova et al., 2008), in which the chloride sensing flu-
orescent protein Topaz was substituted by the YFP-H148Q-I152L-
V163S mutant. The YFP-H148Q-I152L-V163S mutant combines
two mutations that were previously identified for their higher chlo-
ride affinities relative to YFP-H148Q (Table 1). As in Clomeleon,
YFP-H148Q-I152L-V163S is joined to CFP by a flexible 20-amino
acid linker. Cl-sensor calibration in cells yielded a remarkable
value of 30 mM for the chloride Kd , a value that matches the
physiological [Cl]i optimally. The excitation spectra of Cl-sensor
is characterized by the presence of a Cl-independent isosbestic
point at 465 nm, which is a useful feature for the recordings
of chloride transients using conventional microscopes and rapid
switching between excitation wavelengths. Borrowing the same
design of Clomeleon, Cl-sensor displays the same subtle pH-
dependence of the FRET readout, which hinders precise and

pH-independent chloride measurements. Recently, a line of trans-
genic mice expressing Cl-sensor under the Thy1 promoter has been
generated (Batti et al., 2013).

The optimization of Clomeleon-based biosensors is a process
not yet completed. By cell-free protein engineering methods, a
random library of Clomeleon variants was recently synthesized
and screened for improved chloride affinity and dynamic range
(Grimley et al., 2013). This synthetic approach, which bypasses
cloning steps, was used to investigate how the performance of
Clomeleon is influenced by seven residues in the crystallographi-
cally defined halogen-binding site. This study found that the best
signal-to-noise ratio in cellular imaging is obtained with YFP vari-
ants that remain highly fluorescent and exhibit chloride affinity
that matches the [Cl]i at rest. At the end of their remarkable effort,
the authors selected the double mutation Q69T-V163A, which
possess a high affinity for chloride with a Kd of 21.2 ± 2.2 mM at
pH = 7.1. Unfortunately, Q69T-V163A remains highly dependent
on pH changes with a pKa value of 6.4 ± 0.1. This new variant was
substituted in the original Clomeleon to obtain SuperClomeleon
(Grimley et al., 2013), in which three further optimizing modifi-
cations were introduced: (1) a brighter donor with the upgrade of
CFP to Cerulean, (2) a shorter linker that optimizes the SNR of
the biosensor in cultured neurons, and (3) the additional muta-
tion S30R to enhance stability and brightness of both Cerulean
donor and YFP-Q69T-V163A acceptor. Overall, SuperClomeleon
exhibits a more than fourfold improvement in SNR over the
original Clomeleon.

CHLORIDE BINDING FLUORESCENT PROTEINS AND THEIR pH
DEPENDENCE
Many of the listed chloride biosensors e.g., Clomeleon, Cl-Sensor
and SuperClomeleon exhibit relatively high sensitivity to pH.
Indeed, all available chloride biosensors, either ratiometric or non-
ratiometric, are based on fluorescent proteins derived from the
Aequorea victoria GFP. The common element is the T203Y muta-
tion, which is present in allYFP and is required for chloride binding
in GFP (Arosio et al., 2007). Unavoidably, fluorescence of all these
YFP and GFP variants is pH-sensitive with acidification suppress-
ing fluorescence emission and confounding the measurements of
chloride concentration.

At low [Cl]i (below 25 mM) the errors introduced by changes
in intracellular pH values should be moderate, likely in the range
from 10 to 20%. For instance, by loading the pH indicator
BCECF-AM in YFP-H148Q-I152L expressing cells, variations of
the fluorescence of YFP of about 15% were quantified for pH
changes of 0.2 units around the physiological pH of 7.0 (Rhoden
et al., 2007). Nevertheless in the same study, the pH-dependence
of the dissociation constant remains the main source of error with
reported iodide Kd of 1.4, 2.0 and 2.4 mM at pH values of 6.8,
7.0 and 7.2, respectively. In agreement to Grynkiewicz equation
(Grynkiewicz et al., 1985), measured ion concentration is directly
proportional to Kd ; so an undetected pH change from 7.0 to 6.8
would lead to an overestimation of [Cl]i of about 45%. These
arguments suggest that the pH dependency of chloride biosen-
sors is especially troublesome when shifts in intracellular pH are
expected, e.g., during intense synaptic activity or epileptiform
activity (Raimondo et al., 2012).
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Measurement of the intracellular pH is thus needed to quan-
tify the chloride affinity of YFP-based probes and ultimately to
measure the exact [Cl]i value. This disadvantage of GFP based
sensors also offers a great opportunity: if properly designed, a
GFP based chloride sensor would allow the simultaneous measure-
ment of intracellular pH and chloride concentration. A response to
this problem is provided by ClopHensor which was engineered to
allow the simultaneous readout of pH and chloride (Arosio et al.,
2010). Similar to the members of the Clomeleon family, ClopHen-
sor is also a fusion construct linking two FP, DsRed-monomer
and the EGFP-T203Y mutant, by a flexible 20-amino acid linker.
EGFP-T203Y, also known as E2GFP, is a highly accurate ratiomet-
ric pH biosensor – with a pKa of about 6.8 at 37◦C – with an
isosbestic point in the excitation spectrum at 458 nm (Bizzarri
et al., 2006). In EGFP, the single mutation T203Y introduces a
specific halogen-binding site, which is located in a different posi-
tion with respect to YFP-H148Q as shown by crystallographic
analyses (pdb codes 1f09 and 2o2b). E2GFP loses its fluores-
cence upon chloride binding because of static quenching. This fact
allows accurate pH measurements free from the influence of [Cl]i

variations, because the excitation and emission spectra remain
unchanged through variations in chloride concentration. In the
case of E2GFP, the chloride Kd dependence on pH was thoroughly
examined (Arosio et al., 2007) revealing cooperative binding of
chloride and protons that can be mathematically expressed as
follows:

Kd = K1
d

1 + 10pKa−pH

10pKa−pH
(2)

where Kd
1 is the chloride Kd the proton-ligated form of E2GFP,

and pKa is the logarithm of the association constant of proton
to chloride-free E2GFP. DsRed-monomer fluorescence is insen-
sitive to variation in either [Cl]i or pH and can be excited
and detected in a separate region of the spectral range relative
to E2GFP. The red signal is used to compensate for changes
in optical thickness, and provides an accurate reference sig-
nal to compute chloride concentration. Overall, ClopHensor
spectral changes are ideally suited for ratiometric operation
at three excitation wavelengths: 488, 458, and 560 nm. [Cl]i

measurements and chloride-independent pH measurements are
derived from the ratios 458/560 and 488/458, respectively. In
comparison to FRET based sensors, like Clomeleon, ClopHen-
sor prevents the occurrence of subtle variations in the degree
of FRET generated by pH-dependent variations of the GFP
fluorescence. The cost of this is somewhat reduced time res-
olution, imposed by the need for sequential acquisition of
three excitation wavelengths, and a less simple analysis. Chlo-
ride estimates in a region of interest must follow pH estimates
and a corresponding calculation of the chloride Kd (according
to Eq. 2).

It has been recently reported that the expression of ClopHen-
sor in hippocampal pyramidal neurons often results in highly
heterogeneous DsRed intracellular aggregates. Substitution of
tandem-Tomato for DsRed in ClopHensor yielded an improved
version for neuronal imaging, ClopHensorN ; although at the
cost of a 50% size-increase (Raimondo et al., 2013). ClopHensorN

permitted measurements of activity-dependent ion dynamics in
hippocampal neurons.

CALIBRATION
The sensor calibration is one of the most critical aspects for mea-
suring absolute changes in [Cl]i. The precision and accuracy of
measurements of [Cl]i are determined by the parameters set dur-
ing calibration. Calibration parameters can be divided into two
groups, either those that are dependent on the optical setup or
those that are dependent on the indicator chloride binding ther-
modynamic. Setup-dependent parameters account for different
optical filters, detector gains, excitation intensity and general opti-
cal efficiency of the imaging setup. The experimenter should also
be aware that the illuminated field is never uniform and gen-
erally dependent on excitation wavelength with both wide-field
and laser-scanning microscopes. Indicator-dependent parameters
should be absolute intrinsic properties of the molecular indicator
accounting for the thermodynamics of chloride binding, namely
chloride Kd and its dependence on pH. In cell culture, intra-
cellular – in situ – calibration of chloride indicators is generally
performed using the ionophores nigericin and trybutyltin in buffer
containing high concentration of potassium (from 100 to 150 mM)
and a titrated concentration of chloride (Krapf et al., 1988). The
addition of some other ionophores has been reported; e.g., mon-
ensin and ionomycin for clamping intracellular milieu at fixed
values of sodium concentration (Harootunian et al., 1989) and
the protonophore CCCP for controlling pH (Kneen et al., 1998).
Alternative methods for in situ calibration in cell cultures were pro-
posed by permeabilizing the cell membrane with digitonin (Kneen
et al., 1998) or natural surfactants like the triterpenoid saponin,
β-escin (Black et al., 2004; Nausch et al., 2008; Waseem et al.,
2010). Although calibration procedures using β-escin and the
ionophores nigericin and trybutyltin have been reported to yield
encouragingly equivalent results (Watts et al., 2012), it is likely
that the many variables potentially affecting in situ calibration will
produce less precise estimates of the intrinsic molecular param-
eters when compared to spectroscopy measurements performed
in a cuvette. GFP-based biosensors can be abundantly purified
as recombinant proteins and the biosensor intrinsic parameters
can be measured with high accuracy in a spectrofluorometer,
under the same temperature, pH and concentration conditions
of the final microscopy specimen. The same experiment with the
purified biosensor can also be replicated using the microscope
to confirm both setup-dependent and intrinsic biosensor param-
eters. For instance, ClopHensor is intrinsically characterized by
two molecular parameters, the pKa and the chloride K1

d of the
fully protonated form (see Eq. 2). In the original work these two
parameters were determined, using the recombinant construct in
cuvette, to be pKa = 6.81 ± 0.05 and K1

d = 13.1 ± 0.5 mM, and val-
idated by in situ calibration on cell lines with reported pKa ranging
from 6.78 to 6.84 and a chloride K1

d estimate of 14.4 ± 2.0 mM
(Arosio et al., 2010). The good agreement between the calibration
in situ and in cuvette suggests small effects of ionic strength and
molecular crowding on the intrinsic parameters of ClopHensor.
Yet, significantly different calibration parameters were reported
for in situ calibrations of ClopHensor (Table 2), a difference that
may lie in the calibration procedures.
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Table 2 | Properties of ratiometric indicators.

Biosensor name and main

reference

Chloride Kd (mM) Ratiometric Excitation

(nm)

Emission (nm) pKa

Clomeleon 167 in vitro Emission 440 485 (15)/530 (15) 5.2

(Kuner and Augustine, 2000) 137 in vitro Berglundet al. (2006)

87 in cultured hippocampal neurons

Cl-sensor 28 ± 5 Excitation 440/480 535 (30) 7.1 at 4 mM KCl

(Markova et al., 2008) 48.9 in cultured spinal neurons Waseemet al. (2010)

SuperClomeleon 8.1 ± 0.5 Emission 440 485 (15)/530 (15) 6.4 ± 0.1

(Grimley et al., 2013) 21.2 ± 2.2 in vitro

ClopHensor 49 ± 5* Excitation 488/458 525 (25) 6.78 ± 0.04 in HEK 293 cells

(Arosio et al., 2010) 458/561 640 (60)

ClopHensor-H148G 21.4 ± 4.8 in CHO cells 488/458 535 (15) 7.3 in CHO cells

(Mukhtarov et al., 2013) 458/545 632 (30)

ClopHensorN 39 ± 27 Excitation 488/458 525 (25) 7.45 ± 0.16 in hippocampal slices

(Raimondo et al., 2013) 458/594 675 (25)

*Propagating the error for the reported estimates of kd = 6.81 ± 0.05; pKa = 13.1 ± 0.5.

FUTURE PERSPECTIVES AND OPEN ISSUES
We are entering the golden age of chloride imaging. New tools
are being developed at an increasing rate and the technologi-
cal efforts are encouraged by the understanding that the role
of chloride homeostasis on the physiopathology of the brain is
wider than expected. In this context, it is likely that the field will
develop greatly and there are several issues that we can envision
will be addressed. As our knowledge on the molecular determi-
nants of chloride binding in GFP accumulates, we will be able
to engineer ever improved biosensor variants that will optimally
match [Cl]i. Many YFP variants were developed during the last
decade (Table 1), while very few chloride binding GFP variants
were reported (Arosio et al., 2010; Mukhtarov et al., 2013). We
expect that new E2GFP variants will be developed, and it is likely
that a chloride binding site will be inserted into other fluorescent
proteins with different colors. The currently available ratiometric
chloride biosensors are either based of the FRET between CFP and
YFP variants or on the fluorescence emission ratio between GFP
and RFP variants. New ratiometric design could be engineered to
exploit alternative fluorescent proteins.

The substitution of the red fluorescence moiety in ClopHensor
was demonstrated to improve substantially the ClopHensor poten-
tial in neuronal imaging and we envision substitution of the RFP
with brighter and more photostable proteins in the future. The
ideal RFP should be: a stable monomer not inclined to aggregate;
pH independent with low pKa; and with high brightness, possi-
bly even using 2-photon excitation. TagRFP-T (Table 3) appears
to offer the potential for greater photostability (but not bright-
ness) compared to existing ClopHensor-based indicators. Finally,
another factor that can be considered in ratiometric biosensors
based on the fusion between two FP is the photobleaching rate.
If two FP are bleached at the same rate, their ratio would be
unaffected.

GABAA activity leads to bicarbonate flux that, in principle,
brings about a pH change inside the cell. As we have seen this tight
connection between chloride and pH is also mirrored by the dual
sensitivity of the fluorescent sensors. Presently, most of the avail-
able sensors do not allow the correction of chloride measurement
for pH. The exception is ClopHensor, which allows the combined
measurement of both ion species. In particular, it was recently
demonstrated that ClopHensorN can be used to measure pH and
chloride simultaneously in neurons (Raimondo et al., 2013). If one
were interested only in chloride concentration, it might be a better
choice to employ a sensor with pH independent fluorescence and
pH independent chloride affinity. This would simplify the mea-
surement and calibration processes, and ultimately should lead to
a more accurate estimate of the absolute chloride concentration.

IN VIVO IMAGING OF CHLORIDE CONCENTRATION IN
ANESTHETIZED AND BEHAVING MICE
As occurred in the field of calcium imaging, the development of
tools to measure chloride in vivo, where neural circuitry are fully
preserved, will represent a dramatic improvement in our under-
standing of chloride regulation and of the mechanisms of GABAA

mediated inhibitory activity. This is especially relevant since
many factors relative to slice preparation and maintenance might
have profound effects on chloride regulation (Dzhala et al., 2012;
Puskarjov et al., 2012). The availability of genetically encoded
sensors will make it possible to target imaging to specific cell
classes, and to perform longitudinal recordings on anesthetized
and behaving mice. This is an especially relevant issue consider-
ing the potential effects that anesthesia might have on chloride
concentration. Indeed, it is surprising that even when Clomeleon
mice have been available for several years, there are no reports
on chloride imaging in vivo yet. We can expect that the accurate
measurement of chloride concentration in vivo would encounter
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Table 3 | Alternative red fluorescent proteins and their thermodynamic and photo-physical properties.

FP pKa Excitation and

emission (nm)

Relative

brightness (%)

Relative

photostability (%)

Selected reference

DsRed-monomer 4.5 556/586 10.3 9.2 Shaner et al. (2005)

mCherry <4.5 587/610 47.0 55.2 Shaner et al. (2005)

tdTomato 4.7 554/581 279.4 56.3 Shaner et al. (2005)

mStrawberry <4.5 574/596 76.5 8.6 Shaner et al. (2005)

mPlum <4.5 590/649 12.1 30.5 Shaner et al. (2005)

TagRFP 3.1 555/584 142 21.3 Merzlyak et al. (2007),

Day and Davidson (2009)

TagRFP-T 4.6 99 193.7 Shaner et al. (2008)

mKate2 5.4 588/633 74 Chudakov et al. (2010)

LSS-mKate2 2.7 453/605 Piatkevich et al. (2010)

Photo-stability and brightness are reported as relative values with respect to EGFP.

some difficulties due to the sample thickness: to compute the
chloride concentration with the available sensors it is necessary
to measure the fluorescence emitted and/or excited at different
wavelengths and to compare these results with calibration data
obtained in vitro. Brain tissue is not transparent and both excita-
tion and emission are attenuated in a wavelength dependent way.
For example, at a depth of 150 μm, the photon flux is atten-
uated by a factor of 1.42 when the excitation is shifted from
950 nm to 800 nm, and the corresponding variation in fluo-
rescence emitted greater than a factor of 2 (Brondi et al., 2012).
Wavelength-dependent attenuation of excitation and emitted flu-
orescence does not affect our capacity of detecting relative changes
of chloride in vivo, but it drastically affects the numerical accu-
racy of the estimate of absolute concentration. In spite of these
problems, the importance for in vivo imaging of chloride home-
ostasis in the intact brain is obvious. Most measures of chloride
dynamics have been performed during periods of abnormally large
inhibitory activity, such as in the presence of epileptiform activ-
ity. In vivo imaging might reveal more subtle chloride fluxes that
are activated in dendrites or in the soma by physiological activ-
ity. Up to now, an accurate mapping of intracellular chloride in
cortical neurons has yet to be produced and it will be of obvi-
ous interest to image chloride compartmentalization within the
dendritic tree and the cell body. Compartmentalization might
arise by localized changes in homeostasis (Szabadics et al., 2006;
Khirug et al., 2008), possibly linked to phosphorylation of KCC2
(Fiumelli et al., 2005; Kahle et al., 2013) and this might drastically
affect the efficacy of inhibitory inputs placed in different neuronal
compartments. Finally, sensory cortices offer the opportunity to
study incoming GABAergic activity in response to physiologi-
cal stimuli in regions where the functional architecture is well
known.

Chloride imaging is playing a growing role in the understand-
ing of brain diseases. Epilepsy is the most obvious pathology that
involves an alteration in GABAergic transmission and, in fact,
several studies have begun to dissect chloride regulation dur-
ing seizures (Dzhala et al., 2005, 2010; Glykys et al., 2009; Lillis

et al., 2012; Kaila et al., 2014). All these studies have been per-
formed in slices, and hopefully, the next wave of studies will
be performed on preparations that allow a better preservation of
circuitry, perhaps by utilizing in vivo imaging of the hippocam-
pus (see, for example, Mizrahi et al., 2004; Navarrete et al., 2012).
While epilepsy and chloride homeostasis is certainly a very impor-
tant field, it is becoming clear that the involvement of chloride
regulation in brain physiopathology is far more extensive. The
spectra of brain pathologies associated with defective inhibition is
very wide including both acute situations such as ischemia or trau-
matic injury (Pond et al., 2006; Dzhala et al., 2012) and conditions
such as fragile X and autism, (He et al., 2014; Tyzio et al., 2014)
reviewed in (Pizzarelli and Cherubini, 2011; Deidda et al., 2014).
It can be argued that dysregulation of chloride homeostasis might
play an important part in any pathology associated to a defective
equilibrium between excitation and inhibition. The availability
of diuretics that alter the activity of chloride cotransporters and
have a long clinical track record makes the modulation of chloride
homeostasis an attractive target for pharmacological intervention
(Löscher et al., 2013; Deidda et al., 2014; Puskarjov et al., 2014).
Since the genetically encoded biosensors can be efficiently trans-
fected during late fetal life (dal Maschio et al., 2012), it will also be
feasible to screen different murine models of brain pathologies for
alterations in the development of chloride regulation. In summary,
in vivo imaging will likely offer a powerful pre-translational tool
for the direct testing of drugs acting on chloride homeostasis in
different models of brain diseases. A luminous future for chloride
imaging is about to begin.
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2
Methods

2.1 Site-directed Mutagenesis

All mutants were obtained by site-directed mutagenesis using QuickChange II

XL Site-Directed Mutagenesis Kit (Stratagene). Primers were synthesized by the

Sigma-Aldrich company. PCRs were performed according to manufacturer’s in-

structions using pPR-IBA2-D3GFP or pPR-IBA2-E2GFP plasmid as template and

appropriate primers. Digestion of PCR reaction was carried out by Dpn1 diges-

tion in order to eliminate template DNA and amplified mutated DNA was purified

using Wizard SV Gel and PCR Clean-up System kit (Promega). E. coli XL10-

Gold ultracompetent cells (Novagen) were transformed with plasmid after clean-
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up according kit instructions and grown overnight on LB plates supplemented

with 50mg/L ampicilin (amp) at 37°C. Positive colonies were picked and grown

overnight in 2mL LB-amp and miniprep were performed using Wizard Plus SV

Minipreps DNA Purification System (Promega). We checked for effective muta-

tions by DNA sequencing (done by BMR Genomics).

2.2 Recombinant protein expression and purification

E. coli BL21 cells (Novagen) were transformed with plasmid carrying the mutated

GFP gene using one-shot transformation kit and grown overnight in LB medium

supplemented with 100 mg/mL ampicillin at 37°C. Bacterial cultures were pel-

leted 24 hours after induction with 1 mM isopropyl β-D-1-thiogalactopyranoside

(IPTG) (Sigma Aldrich) at 30°C. Purification by affinity was carried out using

HIS-SelectTM Cartridges (Sigma Aldrich) or Strep-Tactin 5mL Superflow column

(IBA Technology) following the manufacturer’s instructions. Chloride-free buffers

were used in all the chromatography steps ensuring the absence of Cl- from all

preparations. If necessary, protein preparations were concentrated using cen-

trifugal filter devices (Amicon Ultra-15, Millipore) Bacterial pellets were typically

resuspended in 5 ml of halide-free chromatography washing buffer (20mM di-

ethanolamine DEA, 50mM K2SO4 , pH 8.5), supplemented with 2% of 50X cock-

tail of protease inhibitor (Roche). Lysis was performed with Ultrasonic Proces-

sor (Cole Parmer) (10 cycle of 30sec output 6W, interrupted by 10sec cooling).

FPLC was performed on AKTA Basic10 FPLC system (GE Healthcare). Filtrated

lysate was loaded without loop and flow rate was set up at 3mL/min. Elution

of bound strep tagged-GFP was total with 25% of washing buffer supplemented

with desthiobiotin. Protein concentration was estimated performing a Coomassie

blue after 12% SDS PAGE and comparing with BSA scale standards. After pu-
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rification protein was concentrated 3X by centrifugation using Amicon Ultra-4

centrifugal filter unit with 10kDa cut-off (Millipore).

2.3 Bioinformatics design of 3D structures

All figures showing 3D structure were obtained using the site- directed mutagen-

esis wizard tools of PyMOL Molecular Graphics System v.1.4 (Schrödinger, LLC)

on the PDB file 2O2B.

2.4 Spectroscopy analysis of proteins in vitro

Absorption spectra were recorded using a steady-state spectrophotometer (model

V-550 UV/VIS, Jasco, Inc.) equipped with a temperature-controlled cell holder.

Fluorescence steady-state data were measured using an EnSpire spectral scan-

ning multimode reader fluorometer (PerkinElmer ) with 96-well black bottom

plates (PerkinElmer, catalog # 6005279). Temperature was set at 20°C and 37°C

and well volume was kept at 300 µL. Fluorescence intensities were collected with

100 numbers of flashes. Emission spectra were realized with excitation wave-

length of 458 or 488 nm. Excitation spectra were recorded with an emission

wavelength of 520 nm. Excitation and emission bandwidths were set both at

10 nm. Fluorescence spectra for pH titration were collected at 37°C using a

Fluoromax-4 fluorescence spectrophotometer (Horiba) with excitation and emis-

sion bandwidths set at 5 nm.

We assumed the same extinction coefficient at 280 nm for all variants and E2GFP

so that the relative brightness (η/ηE2GFP) of a new variant could be calculated

according to the following equation (Eq. 2.1).
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ηvariant

η2
EGFP

= F variant

F E2GF P

AE2GF P
280nm

Avariant
280nm

(2.1)

2.5 Random mutagenesis

Plasmid DNA was purified from overnight cultures by using Wizard® Plus

SV Minipreps DNA Purification System (“Promega”, USA). PCR products

were purified with reagent kit “Wizard SV Gel and PCR Wizard SV Gel and

PCR Clean Up System from Promega Clean Up System” (“Promega”, USA).

Restriction endonucleases were purchased from Thermoscientific and New

England Biolabs. The GeneMorph II Random Mutagenesis Kit (“Agilent”,

USA) was used for PCR random mutagenesis of gene E2GFP-S202N. 0.5

ng and 5 ng of plasmid pPR-IBA2-E2GFP-S202N were mixed with 1 μl of

Mutazyme II DNA Polymerase, 5 μl of 10x Mutazyme II reaction buffer, 0.5

μl of 10 mkM primers: 5’-CGCCATATGGCTAGCTGGAGCCACC-3’ and 5’-

GGGAAGCTTAGTTAGATATCACTTGTACAGC-3’, 1 μl of 40 mM dNTPs mix and

water to a final volume of 50 μl and cycled following protocol. PCR-product

cloned in translation vector pPR-IBA2 vector (“IBA”, Germany) at NdeI and

HindIII sites. Ligated plasmids were transformed in E.coli strain BL21-Gold

(DE3) (“Agilent”, USA) as outlined by [114].

2.6 Screening of GFP libraries

After transformation, bacterial clones were prescreened on LB-plates with 0.1

mg/ml of ampicillin and 0.5 mM of IPTG with using of UV-transilluminator 2000

with long-wave UV-lamp (“BioRad”, USA). Single fluorescent colonies were se-
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lected by visual screening and streaked out on LB agar plates with 0.1 mg/ml of

ampicillin and 0.5 mM of IPTG. Plates were incubated overnight at 37 °C. After

12 hours, 30 µl of at least 80 wells were inoculated in corresponding position

of new 96 deep-well plates containing 1.5 ml of LB medium with 0.1 mg/ml

of ampicillin and grown at 37 °C under shaking condition; the remaining wells

were used for controls like buffer, E2GFP-V224Q (pKa � 8.0), E2GFP (pKa � 6.8)

and E2GFP-V224L (pKa � 6.3) following a standard scheme as in Fig. 3.5.

Figure 2.1: Scheme of 96-well for pH titration assay. Part of the wells were used to
measure controls, samples with known pKa, and buffer, whose fluorescence intensities were
averaged and subtracted from all plate wells.

After 4 hours, when the OD at 600 nm reached approximately 0.6, GFP expres-

sion was induced by adding 0.5 mM of IPTG (Sigma-Aldrich). Cells were incu-

bated for 30 hours at 30°C. Bacterial cells were pelleted and resuspended in 0.1

ml of lysis buffer containing 1 mg/ml of lysozyme, 1x solution of protease in-

hibitor cocktail tablets (Roche, Switzerland), 25 mM K2SO4, 2 mM EDTA, 0.1%

Triton X-100, 50 mM Tris-HCl, pH 7.7, and incubated for 1 hour at 37°C. 1 ml of

buffer containing 25 mM K2SO4, 2 mM EDTA, 0.1% Triton X-100, 50 mM Tris-

HCl, pH 7.7 was added in each well. Lysed cells were centrifuged and then loaded

on strep-well HT filter plates (IBA) placed above strep-well HT purification plates

(IBA) previously equilibrated in buffer following the manufacturer’s protocol (IBA,
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Germany) and using the TECAN Evo 200 robot. Five cycles of 1’ of vacuum at

200 mbar were applied to filter the solution of lysed cells and then purification

plates were washed by two following steps of 1 ml with Buffer W. Proteins were

eluted with 100 μl of Buffer at pH=9.0 and collected in black opaque 96-well

Optiplates (PerkinElmer). Tecan M200 plate reader was used to measure, in

fluorescence-top-reading mode, fluorescence emitted at 535 nm (bandwidth=25

nm) after exciting at both 400 and 485 nm (excitation bandwidths of 20 and

25 nm, respectively); 10 flashes, 20 µs integration time, and gain manually ad-

justed from 52 to 100. For pKa measurement, fluorescence was measured at

25 °C starting at pH=9.0 and after each 2-μl addition of 1.9% H2SO4 until a pH

value of about 5.3 was reached. The 6 additions that were commonly needed

to span the pH range from 9 to 5 were robotically dispensed using EL406 Mi-

croplate Washer Dispenser (BioTek, USA). pH values were measured in triplicate

after each addition using a pH-meter (GLP22, Crison Instruments, Spain) and

microelectrode Minitrode (Hamilton, Switzerland). For measurement of chloride-

dependent fluorescence 1 M NaCl in 50 mM acetic acid was added in each well

spanning a [Cl-] range from 18 to 450 mM.

2.7 LSSmClopHensor constructs and cloning

Nucleotide sequence for LSSmKate2, fused at the N-term to the polypep-

tide linker “ASGGGGGLVPRGSASGA”, was codon-optimized for expression

in mammalian cells using the OptimumGene algorithm (GenScript, Inc.),

and cloned into pUC57 plasmid between BamHI and XbaI unique restriction

sites (see Supplementary Information). The mammalian expression vector

pcDNA3-LSSmClopHensor was obtained by subcloning the BamHI-XbaI

fragment into pcDNA3-ClopHensor (Addgene #25938) to replace DsRed-
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monomer. The bacterial expression vector pET21-LSSmClopHensor was

obtained by PCR amplification from pcDNA3-LSSmClopHensor using the

primers NheI-E2-fw (5’-CTAGCTAGCGTGAGCAAGGGCGAGGA-3’) and XhoI-

LSS-rv (5’-CCGCTCGAGGCGATGGCCCAGCTT-3’) for insertion into the multiple

cloning site of pET21b vector (Novagen). Digestions with NheI and XhoI re-

striction enzymes were performed following the manufacturer’s instructions

(New England Biolabs). Bacterial expression vector for LSSmKate2 was pre-

pared according the following procedure: sequence encoding LSSmKate2 was

PCR-amplified from the pUC57-E2GFPLSSmKate2 plasmid using primers NheI-

LSS-fw (5’-CTAGCTAGCGTGAGCGAACTGATTAAGGAG-3’) and XhoI-LSS-rv

(5’-CCGCTCGAGGCGATGGCCCAGCTT-3’). The insert was digested with NheI

and XhoI restriction enzymes following the manufacturer’s instructions (New

England Biolabs).

2.8 pH and chloride imaging analysis

The combined pH and Cl- ratio analysis was based on the acquisition of three

fluorescence signals: cyan channel with excitation at 458 ± 10 nm and emission

at 525 ± 25 nm; green channel with excitation at 482 ± 18 nm and emission

at 525 ± 25 nm; and red channel with excitation at 458 ± 10 nm and emission

at 610 ± 30 nm. For the calculation of Cl- concentration and pH values two

ratios were defined: RCl as red-over-cyan and RpH as green-over-cyan. Ratio

imaging analysis was performed as previously described [115] with the difference

that no correction for fluctuation in the excitation intensity were required in this

study, because a single light source (xenon lamp or argon laser) was used with

a 3-channel (cyan, green and red) image acquired within brief intervals (1-2 s).

Briefly, to estimate the pKa of LSSmClopHensor from pH titration data we used
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the following equation:

RpH = RB + RA10pKa−pH

1 + 10pKa−pH
(2.2)

where RA and RB are the plateau values for RpH at acidic and basic conditions,

respectively. To estimate Kd from Cl- titration data, we used equation (3)

RCl = R0
Cl

1 + [Cl]
Kd

(2.3)

where R0
Cl is the value of RCl at [Cl-] = 0, a pH-independent and setup-dependent

parameter. Accordingly, pH and Cl- concentration maps were computed pixel-by-

pixel using respectively the following equations 4 and 5.

pH = pKa + log(RpH − RA

RB − RpH

) (2.4)

[Cl] = Kd(pH)
R0

[Cl] − RCl

RCl

(2.5)

To remove bleed-through in every channel, we calculated the intensity ratio of

bleed-through in every emission channel using E2GFP and LSSmKate2 proteins

separately in independent experiments and varying intracellular pH in the range

from 5.2 to 7.9 (Supplementary Figures S13, S14 and Table S1). The resulting

images, corrected for bleed-through were then used to perform ratio analysis.
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2.9 Fluorescence microscopy and image analysis

Images from cultured cells were recorded using a wide field microscope (iMIC,

Till Photonics). Specimens were sequentially excited using a high stability 150

W xenon lamp (Oligochrome, Till Photonics) equipped with a fast filter switching

device and the two required excitation filters: FF02-482/18-25 (Semrock), and

the laser clean-up filter z 458/10x (Chroma). A dual band dichroic mirror Di01-

R488/561 (Semrock) was hosted in the filter cube. Emitted fluorescence was

collected from 1.2 NA, 60X water immersion objective and split (at about 560

nm) into green and red channels using a single band dichroic mirror (FF560-Di01,

Semrock) mounted into a dichrotome device (Till Photonics). The split channels

were then simultaneously projected onto half of the electron multiplied charged-

coupled device (Ixon Ultra 897; Andor Technologies). The three channels required

by ratiometric analysis were thus recorded alternating between two excitation

filters. Imaging of rat cortical brain slices was performed using a confocal laser

scanning microscope (TCS SP5-RS, Leica) with a time frame acquisition of 0.995 s

(seven line average). Excitation wavelengths were sequentially switching between

458 an 488 nm; emission bands were set from 498 to 560 nm and from 560 to 720

nm for the green and red channels, respectively. The setup was also equipped

with a CCD camera for differential interference contrast images. All experiments

were performed in layer II/III.

Image processing was performed using custom Fiji macros. Images were filtered

with Gaussian filter (sigma=1.5). Mean background fluorescence was measured

in empty regions and subtracted to all images. Images were semi-automatically

segmented on the basis of pixel intensity using the isodata algorithm (getAu-

toThreshold method). Masked images were then used to discriminate regions

of interest (cells) and prevent artifacts arising from dividing background by back-
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ground values.

2.10 Brain slice preparations and in utero electropo-

ration

All experiments involving animals were carried out in strict accordance with the

guidelines established by the European Communities Council Directive and ap-

proved by the National Council on Animal Care of the Italian Ministry of Health.

The number of animals used was reduced to the minimum necessary for an ad-

equate statistical analysis.

Coronal cortico-hippocampal slices were prepared from postnatal day 16–22 elec-

troporated Wistar rats. Briefly, rats were deeply anesthetized with intraperi-

toneal injected Zoletil (40 mg/kg; Virbac). After decapitation, the brain was re-

moved and transferred to ice-cold cutting solution containing (in mM): NaCl, 120;

KCl, 3.2; KH2PO4, 1; NaHCO3, 26; MgCl2, 2; CaCl2, 1; glucose, 10; Na-pyruvate,

2; and ascorbic acid, 0.6; at pH 7.4 (with 5% CO2/95% O2). Coronal slices were

obtained by using a Leica vibratome VT1000S in the presence of the ionotropic

glutamate receptor inhibitor kynurenic acid (2 mM). Slices were recovered for 20

min at 32°C and then kept at room temperature.

Standard in utero electroporation of layer II/III of the somatosensory cortex was

performed as previously described [116]. Briefly, E17 timed-pregnant Sprague-

Dawley rats were anesthetized with isoflurane (induction, 3.5%; surgery, 2.5%),

and the uterine horns were exposed by laparotomy. The day of confirmation of

vaginal plug was defined as E0, and the day of birth was defined as P0. The DNA

(0.15-1.5 μg/μl in water) together with the dye Fast Green (0.3 mg/ml; Sigma)

was injected (5-6 μl) through the uterine wall into one of the lateral ventricles of
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each embryo using a 30G needle (Pic indolor). Embryo’s head was carefully held

between tweezer-type circular electrodes (10 mm diameter; Nepa Gene) that were

wet with PBS while held across the uterine wall. For the electroporation protocol,

5 electrical pulses (amplitude, 50 V; duration, 50 ms; intervals, 150 ms) were

delivered with a square-wave electroporation generator (CUY21EDIT; Nepa Gene).

After electroporation, the uterine horns were returned into the abdominal cavity,

and the embryos were allowed to continue their normal development.

2.11 Electrophysiology and induction of epileptic ac-

tivity

Brain slices were continuously perfused in a submerged chamber (Warner In-

struments) at a rate of 3-4 ml min-1 with (in mM): NaCl, 120; KCl, 3.2; KH2PO4,

1; NaHCO3, 26; MgCl2, 0.5; CaCl2, 2; glucose, 10; pH 7.4 (with 5% CO2/95%

O2). Seizure like events were evoked in the presence of 4-AP (50-100 µM). Bath

temperature was maintained at 30-32°C by an in-line solution heater and tem-

perature controller (TC-324B, Warner Instruments). A pressure ejection unit

(PDES, NPI Electronics) was used to apply a single or double pulse to NMDA (1

mM, Sigma Aldrich)-containing pipettes with a 3 s interval, a pressure of 4–10

psi, and a duration of 200-600 ms. Typical pipette resistance was 2–3 MΩ. The

NMDA glass pipette included an AgCl2 electrode for extracellular local field po-

tential recordings. Field potential signals were filtered at 1 kHz, amplified by an

AM-1800 amplifier (AM-systems) and sampled at 10 KHz with a Digidata 1440s

interface and pClamp software (version 10, Molecular Devices). Spectrograms

of local field potential recording, were performed with an algorithm written in

Matlab (version R2008b) using logarithmic wavelet windows.
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2.12 Statistical methods

Calibration parameters were defined by global fitting to eq. 2.2 and eq. 2.3 us-

ing QtiPlot Software (http://www.qtiplot.com). Statistical tests were performed

using Scipy (http://scipy.org). P-values were calculated using either the two-

sample Kolmogorov-Smirnov test for statistical difference in distributions or the

two-tailed Student’s t test. Cumulative frequency distribution plots were pre-

pared using Seaborn (http://stanford.edu/~mwaskom/software/seaborn).

2.13 Cell culture and calibration

HEK 293 cells and SK-N-SH cells were cultured in Dulbecco’s modified Eagle’s

medium (DMEM) (Sigma-Aldrich) supplemented with 10% Fetal Bovine Serum

(FBS) (Sigma-Aldrich), 2 mM L-glutamine (Sigma-Aldrich), 100U/mL penicillin

(Sigma-Aldrich) and 100mg /mL streptomycin (Sigma-Aldrich) in a humidified 5%

CO2 incubator at 37°C. All cells were transfected using Effectene reagent (Qiagen)

following manufacturer protocol. For differentiation, SK-N-SH cells were seeded

to a confluence of approximately 30% in DMEM supplemented with 5% FBS, 2

mM L-glutamine, 100 U/mL penicillin, 100 mg/mL streptomycin and 10 μM

retinoic acid (Sigma-Aldrich). The medium was changed every two days adding

fresh retinoic acid. Differentiation was usually completed in 6 to 8 days when cell

soma assumed a fusiform to triangular shape and elongation of slender neuritic

processes was observed [117]. For SK-N-SH cell transfection the manufacturer

protocol was adapted as follows: we doubled the amount of DNA and incubated

transfection cocktail overnight in DMEM containing FBS (5%) and retinoic acid

(10 μM).

Calibration in cells was realized as previously described [115]. The desired [Cl-]
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and pH were controlled by equilibrating extra- and intracellular ion concentra-

tions using the K+/H+ exchanger nigericin (5 µM), the protonophore carbonyl

cyanide p-chlorophenylhydrazone (CCCP) (5 µM), the K+ ionophore valinomycin

(5 µM) and the Cl-/OH- exchanger tributyltin chloride (10 µM) in the presence

of high-K+ 20 mM HEPES buffer containing 0.6 mM MgSO4, 38 mM sodium glu-

conate and 100 mM potassium gluconate. Specified amount of gluconate anion

was replaced by Cl-; pH was adjusted with aliquots of NaOH. To avoid CO2 depen-

dent pH shifts during calibrations, cells were maintained in CO2 free atmosphere

at 37°C. Medium was replaced with proper buffer and changed five times every

two minutes to ensure stabilization of intracellular ionic concentrations.

The sensor calibration is indeed one of the most critical aspects for measuring

absolute changes in [Cl-]i . The precision and accuracy of measurements of [Cl-]i

are determined by the parameters set during calibration. For a discussion of

alternatives procedures see [118].

2.14 Calcein-AM-based Cell Volume Measurements

Cell volume change was determined using calcein as a marker of intracellular wa-

ter volume, which was established previously [119]. Briefly, cells on coverslips

either coated with poly-L-lysine (50 µg/ml) (GC22) or polyornitin (50 µg/ml) and

laminin (5 µg/ml) (GBM43) were incubated with 0.5 µM calcein-AM for 30 min at

37°C. The cells were placed in a heated (37°C) imaging chamber (Warner Instru-

ments) on a Nikon Ti Eclipse inverted epifluorescence microscope equipped with

perfect focus, a 40X Super Fluor oil immersion objective lens, and a Princeton

Instruments MicroMax CCD camera. Calcein fluorescence was monitored us-

ing a FITC filter set (excitation 480 nm, emission 535 nm, Chroma Technology).
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Images were collected every 60 sec with MetaFluor image-acquisition software

(Molecular Devices). Regions of interest (0.5 µm in diameter) were selected in the

cytoplasm of 5~15 cells. Baseline drift resulting from photobleaching and dye

leakage was corrected as described before. The fluorescence change was plotted

as a function of the reciprocal of the relative osmotic pressure and the resulting

calibration curve applied to all subsequent experiments as previously described

REFF(71). The HEPES buffered isotonic solution contained (in mM, pH 7.4): 100

NaCl, 5.4 KCl, 1.3 CaCl2, 0.8 MgSO4, 20 HEPES, 5.5 glucose, 0.4 NaHC03, and

70 sucrose with 310 mOsm determined using an osmometer (Advanced Instru-

ments). Anisosmotic solutions (262 and 432 mOsm) were prepared by removal

or addition of sucrose to the above solution.

2.15 Use of ClopHensor for chloride imaging in GBM

cells

ClopHensor is based on a chloride-sensitive GFP and can be combined with real-

time optical detection of Cl- fluxes in living cells. Electroporation of the ClopHen-

sor plasmid was used to induce ClopHensor expression into cultured GBM cells.

Cells were maintained in a humidified atmosphere at 37 °C containing 5% CO2

during microscopy analysis. Wide field fluorescence images were acquired using

a customized iMIC (Till Photonics) microscope equipped with a 0.65 NA plan-N

40X air objective (Olympus), a high stability xenon lamp and a 14-bit CCD cam-

era (Stingray F145B-30fps, Allied Vision Technologies). Excitation filters 458/10

(Chroma), 482/18 (BrightLine HC) and 563/9 (Semrock) were mounted on the

lamp fast filter switching device, and a dual channel filter set (dichroic: HC-

Beamsplitter BS R488/561, emitter: Brightline HC 523/610, Semrock) was used
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in the filter cube. Thus, cyan, green and red channels were respectively acquired

with excitation (emission) wavelengths at 458 ± 10 (525 ± 25), 482 ± 18 (525± 25),

and 563 ± 9 (610 ± 30) nm. Intracellular Cl- concentration was measured in time-

lapse from cells exposed to hypertonic stress in the following sequence: 5 min

isotonic HEPES-MEM (317 mOsm), 20 min hypertonic HEPES-MEM (432 mOsm),

and 10 isotonic HEPES-MEM. Cells were preincubated for 10 minutes in isotonic

condition before starting time-lapse acquisition. BMT (10 μM) and AF peptide (5

μg/ml) were pre-incubated and present throughout the experiment. Solution os-

molarity was measured using a cryoscopic osmometer (Osmomat 030, Gonotec

GmbH). Three-channel images were acquired every 60 s and ratio analysis was

performed as previously described (Sec. 2.13), where Cl- concentration and pH

are calculated from the cyan-over-red (Cl-) and the green-over-cyan (pH) ratios.

2.16 In vivo two-photon imaging

In vivo two-photon imaging and spectroscopy were performed on a Prairie Ul-

tima Multiphoton microscope (Prairie technologies) equipped with a mode-locked

Ti:Sapphire laser (Chameleon Ultra II, Coherent). For each field, a set of images

was acquired at different excitation wavelengths (ranging in number from 5 to 11).

Acquisition was performed with a water immersion lens (Olympus, 60x, 1.00 NA)

at a resolution of 512 x 512 pixels and at zoom 2, leading to a field of 102 x 102

µm and a nominal linear resolution of 0.2 µm per pixel. Before each imaging

session we measured the power of the excitation laser at the optic bench and

at the output of the objective lens at each wavelength. This conversion function

is required to be able to infer the power at the sample, which is not accessible

once the mouse is placed under the objective, from the power measured on the

optic bench. The power was measured with a radiometer (Melles Griot). We ob-
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tained imaging data by selecting the fields on the basis of the intensity of the

fluorescence and of the mechanical stability of the preparation. Since the mea-

sure required the acquisition of images at different excitation wavelength, the

dimensional consistency of the imaging sequence was of great importance. Time

lapse imaging was performed by alternating the excitation from two Ti-Sapphire

lasers (Coherent chameleon UltraII and Coherent Mira) tuned at 960 and 910

nm respectively. The polarization of the beams has been crossed by means of an

half wave plate and they are steered to a polarizing beam splitter for combination.

Two different sets of mirrors allow for the alignment of the beams and lenses

have been used to equalize beam divergence and to ensure a similar illumination

of the objective back aperture. The alternation was provided by fast electrome-

chanical shutters controlled by an Arduino based controller synchronized to the

microscope scanning unit. The resulting imaging data were analyzed by a custom

ImageJ macro.

2.17 Calibration and processing of imaging data

Images were analysed with ImageJ (http://imagej.nih.gov/ij/). The images were

processed as follow:

1) Dark subtraction. Dark image were acquired in both G and R channels with

the excitation beam switched off. Since the dark image from a scanning micro-

scope does not contain any spatial structure (as opposed to what happens with

a CCD or CMOS sensor), the dark image was averaged and the mean value was

subtracted from imaging data.

2) Flat calibration. Regardless of the quality of alignment of the optic bench, the

illumination of the imaging field it is never uniform and it varies with excitation
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wavelength. To compensate for this we acquired a library of flat field images that

were dark subtracted, normalized to 1 and used to correct the imaging data. For

each wavelength, the flat is an image obtained by the mean of 50 frames of a

solution of a broadband emitting fluorophore (Rhodamine 6G, 1 µM) loaded in

the spectroscopy chambers. Imaging data were therefore calibrated following the

equation:

Ical = (Iraw − dark)/F (2.6)

where dark is the mean dark signal and F is the dark-subtracted flat field im-

age obtained at the same excitation wavelength and at the same scanning zoom.

The ratio is computed pixel by pixel. We verified that it was critical to obtain a

new flat library each time the optic bench was realigned. We noticed that the

relative gain of the two acquisition channels was subject to small changes from

one imaging session to the other. Of course these changes would affect both the

Cl- measurement and the correction for the emission in the G and R channels.

The flat data are also used to correct for changes in the relative gain of the two

detection channels.

3) Normalisation of each image to the square of the excitation power on the sam-

ple (since two-photon fluorescence is quadratic with power intensity);

4) Alignment of the images for random translations occurring during the acqui-

sition because of motion artefacts. Normally we used the Stackreg plugin of

imageJ;

5) Design of a region of interest (ROI) for each cell and measurement of the mean

intensity at each wavelength. For each cell in each optical section we obtained a

spectral series that was analyzed by custom software that implements the com-
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putation pipeline described. Alternatively, we developed an imageJ macro that

computes the maps of both pHi and [Cl-]i applying equations listed in Sec. 4.2.
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3
Biosensor protein engineering

In this chapter various protein engineering approaches are exploited to design

novel biosensors and to improve present Cl- sensing schemes. At the molecu-

lar level the design principles of biomolecules involve fundamental principles of

physical-chemistry, thermodynamics and kinetics. In particular the following

specific goals are pursued: increasing GFP Cl- affinity, reducing the pH depen-

dence of GFP fluorescence and simplify the ratiometric measurement and calcu-

lations. New knowledge on the molecular determinants of GFP protonation were

achieved along with a better description of Cl- binding thermodynamics. The

usefulness of new biosensor constructs is demonstrated in eukaryotic cells and

in neurons.
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This chapter is organized into three main sections encompassing: the rational

design of improved GFP mutants (sec. 3.1); the screening of random GFP libraries

(sec. 3.2); and a new sensing scheme based on long Stokes’ shift fluorescence

property (sec. 3.3).

My contribution to these work concerns the design of all single-site mutants and

of all strategies for random library construction, data analysis of fluorescence

spectroscopy measurements, data analysis for Cl- and pH quantification, design

of the sensors, manuscript writing and editing.
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Chapter 3. Biosensor protein engineering

3.1 The rational mutagenesis

This work has been adapted and expanded from:

Calibration and functional analysis of three genetically encoded Cl−/pH sensors

Mukhtarov, M., Liguori, L., Waseem, T., Rocca, F., Buldakova, S., Arosio, D., and
Bregestovski, P. Front. Mol. Neurosci 6, 9 (2013)

Copyright © 2013 Mukhtarov, Liguori, Waseem, Rocca, Buldakova, Arosio and
Bregestovski. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY).
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As a consequence of the cooperative binding of proton and halide ions to GFP-

T203Y mutants [10,108], GFP- and YFP-based Cl- biosensors exhibit a strong

increase of the Cl- Kd at pH values >= pKa.

Figure 3.1: Cl− binding pocket In the Cl− binding cavity (volume � 10 Å³) a single buried
water molecule is present (Wat252 in pdb:2o24; red sphere), H-bonded to the Cl− (green
sphere). V224 residue clearly localizes near the water molecule.

The X-ray structure of E2GFP·Cl complex reveals the presence of a water molecule

(Wat252 in pdb:2o24). Remarkably, the structure of the CLC chloride channel

from E. coli shows that the selective flow of Cl- ions across cell membrane is due

to a specific halogen binding site where the halogen is coordinated by two main-

chain amide nitrogen atoms and by the side-chain oxygen atoms from a tyrosine

and a serine [120]. Similar Cl- coordination geometry can also be found in the

structures of myeloperoxidase, hydrolase in the presence of a water molecule

and of mymochrome IV in the absence of any water molecule. Moreover, iodide

complex (pdb:2o2b) did not show the presence of any solvent molecule, possibly

because of iodide ion larger size (iodide ionic radius = 2.06 Å ; chloride ionic

radius = 1.67 Å). Since the affinity of E2GFP for iodide is substantially higher than

for Cl-, we decided to determine the influence of Wat252 on the halide binding site
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energetics. So, we designed the mutation V224L to reduce solvent accessibility

to the E2GFP halide binding cavity (Fig. 3.1) and maintaining the same charge

distribution around the chromophore.

Figure 3.2: Cl− affinity of E2GFP. Comparison between E2GFP (solid circles) E2GFP-
V224L (solid square) Cl− binding curves of the fully protonated forms. Fittings to simple
Langmuir isotherms are reported.

Titration measurements revealed a remarkable improvements of Cl- affinity in the

V224L variant with an improvement of one order of magnitude in the Cl- affin-

ity (Fig. 3.2). Fluorescence spectroscopy at various pH values also revealed a

substantial effect of the V224L substitution of the chromophore protonation sug-

gesting changes in the hydrogen bond patterns within the chromophore (Fig. 3.3).

Furthermore, Van’t Hoff analysis of Cl- binding to E2GFP-V224L disclosed an

entropic origin for the improved affinity. In fact, the entropy of binding increased

from -0.29 cal/mol K in E2GFP to -2.58 cal/mol K in the new variant, probably,

as a consequence of the water molecule displacement.

We then attempted to insert a polar and longer side chain (glutamine) at the

position 224. Bioinformatics structure prediction indicated a complete filling of
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Figure 3.3: pH dependence of Cl− affinity for E2GFP-V224L. Cl− dissociation constant
(ClKd) dependence on pH for E2GFP-V224L (open blue circles) compared to E2GFP. The
plotted apparent Kd values are derived by fluorescence Cl− titration experiments performed
in solution at T = 37 °C, 1M ionic strength and pH values as reported on the x-axis marks.

Figure 3.4: Van’t Hoff analysis of Cl− binding to E2GFP-V224L. Van’t Hoff analysis
of Cl− binding to E2GFP-V224L (blue circles) and E2GFP (black circles). Derived enthalpy
and entropy contributions to the free energy of binding are reported.
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the water-occupied volume. Although the V224Q variant was insensitive to Cl-,

its protonation pKa was remarkably increased to a value of about 8.5, making

this variant very pH-insensitive in the physiological pH range. On the basis of

previous reports [121,122], we also explored the influence of the position 148,

substituting the histidine with either aspartic acid or glycine in combination

to either valine or leucine at the position 224. The results are summarized in

Tbl. 3.1.

The combined mutations H148G and V224L exhibited high Cl- affinity and re-

duced pH dependence; so, it was selected for further testing in vivo, reported in

the following paper.

Table 3.1: Spectroscopic and thermodynamic properties of GFP variants.

E2GFP V224L V224Q H148G H148G/V224L H148D/V224L

λem (nm) 523 515 510 518 520 520

λex,neutral (nm) 425 410 415 400 410 440

λex,anionic (nm) 510 510 510 500 510 510

λabs,neutral (nm) 410 - 410 - 400 -

λabs,anionic (nm) 510 - 508 - 507 -

λisosbestic (nm) 458 - 453 4931 - 4572

pKa 6.9 ±0.1 6.3 ±0.15 8.8 ±0.15 8.0 ±0.1 7.2 ±0.1 7.7 ±0.1

Kd (mM) 13 ± 2 1.3 ±0.2 > 1000 120 ± 8 15 ±1 280 ±45

1Isosbestic point in emission.
2In the limited pH range from 6.7 to 8.2.
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Monitoring of the intracellular concentrations of Cl− and H+ requires sensitive probes
that allow reliable quantitative measurements without perturbation of cell functioning. For
these purposes the most promising are genetically encoded fluorescent biosensors, which
have become powerful tools for non-invasive intracellular monitoring of ions, molecules,
and enzymatic activity. A ratiometric CFP/YFP-based construct with a relatively good
sensitivity to Cl− has been developed (Markova et al., 2008; Waseem et al., 2010).
Recently, a combined Cl−/pH sensor (ClopHensor) opened the way for simultaneous
ratiometric measurement of these two ions (Arosio et al., 2010). ClopHensor was obtained
by fusion of a red-fluorescent protein (DsRed-monomer) to the E2GFP variant that
contains a specific Cl−-binding site. This construct possesses pKa = 6.8 for H+ and
Kd in the 40–50 mM range for Cl− at physiological pH (∼7.3). As in the majority of
cell types the intracellular Cl− concentration ([Cl−]i ) is about 10 mM, the development
of sensors with higher sensitivity is highly desirable. Here, we report the intracellular
calibration and functional characterization of ClopHensor and its two derivatives: the
membrane targeting PalmPalm-ClopHensor and the H148G/V224L mutant with improved
Cl− affinity, reduced pH dependence, and pKa shifted to more alkaline values. For
functional analysis, constructs were expressed in CHO cells and [Cl−]i was changed
by using pipettes with different Cl− concentrations during whole-cell recordings. Kd
values for Cl− measured at 33◦C and pH ∼7.3 were, respectively, 39, 47, and 21 mM for
ClopHensor, PalmPalm-ClopHensor, and the H148G/V224L mutant. PalmPalm-ClopHensor
resolved responses to activation of Cl−-selective glycine receptor (GlyR) channels
better than did ClopHensor. Our observations indicate that these different ClopHensor
constructs are promising tools for non-invasive measurement of [Cl−]i in various
living cells.

Keywords: fluorescent biosensors, intracellular chloride, intracellular pH, non-invasive monitoring, optogenetics

INTRODUCTION
Beginning with the pioneer studies by Tsien and co-authors on
measurements of intracellular calcium concentration in intact
lymphocytes (Tsien et al., 1982), non-invasive monitoring of dif-
ferent intracellular ions (Ca2+, Mg2+, Cl−, and H+) has became
a powerful direction of research for functional analysis of neu-
rons and other cell types under normal and pathophysiological
conditions.

Among several methods proposed for monitoring intracellu-
lar Cl− concentration ([Cl−]i), the most promising is the use
of genetically encoded Cl−-sensitive probes (Bregestovski et al.,
2009; Mancuso et al., 2011). The first generation of probes
named “Clomeleon” (Kuner and Augustine, 2000) and “Cl-
Sensor” (Markova et al., 2008) was based on the Cl−-sensitive
yellow-fluorescent protein (YFP) linked with Cl−-insensitive

cyan-fluorescent protein (CFP), which was the reference fluores-
cence molecule. These indicators have opened the way for non-
invasive monitoring and ratiometric measurement of [Cl−]i in
different cell types in vitro (Pellegrino et al., 2011; Bertollini et al.,
2012; Friedel et al., 2013). Expressed in neurons of transgenic
mice, they have allowed imaging of Cl− dynamics in inhibitory
circuits of different brain areas, including hippocampus, cerebel-
lum, and deep cerebellar nuclei (Berglund et al., 2008, 2011),
as well as in intact hippocampus (Dzhala et al., 2012) and a
dorsal root ganglia preparation (Batti et al., 2013). Producing a
construct consisting of a glycine receptor (GlyR) with Cl-Sensor
incorporated into the long cytoplasmic domain (BioSensor-
GlyR) provided a tool for non-invasive monitoring activity of
these Cl−-selective receptor-operated channels (Mukhtarov et al.,
2008).
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The recently proposed combined Cl−/pH sensor
(ClopHensor) opened the way for simultaneous ratiometric
measurement of these two ions (Arosio et al., 2010). ClopHensor
is obtained by fusion of a red-fluorescent protein (DsRed-
monomer) to the E2GFP variant that contains a specific
Cl−-binding site. This construct is particularly promising as
it allows simultaneous monitoring of [Cl−]i and intracellular
pH (pHi) in the same cells (Arosio et al., 2010; Bregestovski
and Arosio, 2011; Raimondo et al., 2012). At physiological pH
(∼7.3), ClopHensor possesses pKa = 6.8 for H+ and Kd in the
40–50 mM range for Cl−. As in the majority of cell types the
intracellular Cl− concentration is about 10 mM (Khirug et al.,
2008; Tyzio et al., 2008; Bregestovski et al., 2009), development of
sensors with higher sensitivity is necessary.

Here, we present calibration and functional analysis of
ClopHensor and two of its derivatives: (i) PalmPalm-ClopHensor,
which should have preferable membrane targeting and thus
allow near-membrane measurement of [Cl−]i and pHi; and (ii)
ClopHensor with mutations H148G and V224L aimed to increase
the affinity of this probe for Cl− and change the pH-sensing
properties. It has been previously demonstrated that the V224L
mutation increases the affinity for Cl− by an order of magnitude
(Arosio et al., 2011), while the H148G mutation increases the pKa

value by 1 pH unit in YFP (Elsliger et al., 1999) as well as in GFP
(Hanson et al., 2002). Here, we combined the H148G and the
V224L mutations in E2GFP in order to: (1) shift the Kd for Cl to
the lower mM range, and (2) increase the pKa of the GFP sensing
element to more alkaline values.

For these three constructs, calibrations determining their sen-
sitivity to Cl− and H+ in living cells were obtained. Also presented
are the distributions of these probes in cells and simultaneous
recording of changes in [Cl−]i and pHi during activation of
Cl−-selective GlyR channels.

MATERIALS AND METHODS
PRODUCING AND CLONING OF ClopHensor VARIANTS
The ClopHensor, E2GFP-DsRedm, construct was mutated at two
residues, H148G and V224L, of the GFP domain. Two sequential
site-directed mutagenesis were performed using QuickChange
II XL Site-Directed Mutagenesis Kit (Stratagene) following
the manufacturer’s protocol. Complementary primers were
synthesized by Sigma-Aldrich with the following sequences:
H148G-fw GAGTACAACTACAACAGCGG CAACGTCTATA
TCATGG; H148G-rv CCATGATATAGACGTTGCCGCTGTTGT
AGTTGTACTC; V224L-fw CTGCTGGAGTTCCTGAACGC
CGCCG; V224L-rv CGGCGGCGTTCAGGAACTCCAGCAG
and were used to amplify the entire plasmid in a PCR reaction
using high-fidelity polymerase. To eliminate template, the PCR
reaction was digested with Dpn1. The amplified mutated DNA
was purified using Wizard SV Gel and the PCR Clean-up System
kit (Promega), and transformed into Escherichia coli XL10-
Gold ultracompetent cells (Novagen), which were then grown
overnight on LB plates supplemented with 50 mg/l ampicillin
at 37◦C.

Four positive colonies were picked and grown overnight in
3 ml of LB-ampicillin at 37◦C under shaking for mini prep
DNA extraction (Wizard®Plus SV Minipreps DNA Purification;

Promega). All the constructs were verified by sequencing the
entire insert. Finally, plasmids used for transfection were prepared
using the QIAGEN Plasmid Plus Maxi kit.

EXPRESSION AND PURIFICATION OF THE H148G/V224L MUTANT
The recombinant GFP variant was expressed as Strep-tagged
protein in Escherichia coli BL21 (Novagen) and harvested 20 h
after induction with 1 mM IPTG at 30◦C. Purification by affin-
ity was carried out using Strep-Tactin Superflow 5-ml car-
tridges (IBA, GmbH, Germany), following the manufacturer’s
instructions, at 4◦C in an AKTA Basic10 FPLC system (GE
Healthcare Europe, Milan, Italy) with continuous monitoring
of optical densities at 280 nm. The use of Cl−-free buffers in
the final purification step ensured the complete removal of
Cl− from the preparation. Diethanolamine (DEA; 20 mM) in
50 mM K2SO4 adjusted to pH 8.5 was supplemented with a
cocktail of protease inhibitors (Roche). Lysis was performed
with an Ultrasonic Processor (Cole Parmer) (10 cycles of 30 s,
output 6W, and 10 s cooling). FPLC was performed on an
AKTA Basic10 FPLC system (GE Healthcare) using a Strep-Tactin
Superflow 5 ml column (IBA Technology). Filtered lysate was
loaded without a loop, and the flow rate was set at 3 ml/min.
Elution of bound strep-tagged GFP was obtained in 75% washing
buffer 2.5 mM desthiobiotin. Protein Concentration was deter-
mined by BCA™ Protein Assay (Pierce Protein Biology Products,
USA).

CELL CULTURE PREPARATION
For fluorescence analysis of [Cl−]i and [H+]i, and also for
immunocytochemistry and electrophysiology, ClopHensor con-
structs and human α1 GlyR subunits were expressed in CHO
cells and in neurons of primary culture by means of Lipofectamin
transfection.

Chinese hamster ovary (CHO-K1) cells were obtained from
the American Type Tissue Culture Collection (ATCC, Molsheim,
France) and maintained as previously described (Medina et al.,
2000; Waseem et al., 2010). One day before the transfection, cells
were plated onto coverslips (12–14 mm in diameter), which were
placed inside 35-mm cell culture dishes with 2 ml of medium.
CHO-K1 cells were transfected with approximately 1 μg/1μl
cDNA of constructs, using the Lipofectamine 2000 transfection
protocol (Life Technology, USA). Three hours after the initial
exposure of the cells to the cDNAs, a fresh cDNA-containing
solution replaced the old one.

Neurons of hippocampal culture from 18-day rat embryos
were dissociated using trypsin and plated at a density of 70,000
cells cm−2 in minimal essential medium (MEM) supplemented
with 10% NU serum (BD Biosciences, Le Pont de Claix, France),
0.45% glucose, 1 mM sodium pyruvate, 2 mM glutamine, and 10
IU ml−1 penicillin–streptomycin as previously described (Buerli
et al., 2007). On days 7, 10, and 13 of culture incubation, half
of the medium was changed to MEM with 2% B27 supplement
(Invitrogen).

Transfections of neuronal cultures at 7–10 days in vitro (DIV)
were performed as described previously (Buerli et al., 2007;
Pellegrino et al., 2011). Cells were used in experiments 2–5 days
after transfection.
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INTRACELLULAR CL− CALIBRATION OF ClopHensor VARIANTS
For Cl− calibration we used whole-cell recordings with different
Cl− concentrations in recording pipettes. Whole-cell patch-clamp
recordings on CHO cells were conducted 24–48 h after trans-
fection, using an EPC-9 amplifier (HEKA Elektronik, Germany)
at a holding potential −20 or −30 mV and at a temperature
of 32–33◦C. Cells were bathed in a solution containing (mM):
NaCl 126; KCl 3.5; CaCl2 2; MgCl2 1.3; NaH2PO4 1.2; NaHCO3

25; and D-glucose 10; equilibrated at pH 7.4 with 95% O2

and 5% CO2; 320 mOsm. The patch pipette solution contained
(mM): KCl (0–135) or K-gluconate (0–135); MgCl2 2; MgATP 2;
HEPES/KOH 10; and BAPTA 1; pH 7.3, 300 mOsm. A combina-
tion of K-gluconate and KCl at a constant K+ concentration of
135 mM were used for Cl− calibration of ClopHensor constructs
with six different Cl− concentrations in the pipette solution
([Cl−]p): 4, 10, 20, 60, 100, and 135 mM. Calibration curves were
obtained by recording from 5–7 cells for each [Cl−]p. The effec-
tiveness of the cell dialysis and [Cl−]i established after whole-cell
penetration were checked by measurement of the reversal poten-
tial for glycine-induced currents. Glycine was applied locally
using Picospritzer II (General Valve Corporation, USA) with
a pipette positioned close to the soma of the recorded cell at
different holding potentials.

All reagents were obtained from Sigma unless otherwise
specified.

INTRACELLULAR pH CALIBRATION OF ClopHensor VARIANTS
For pH calibration b-escin permabilization method was used
(Waseem et al., 2010). In more detail, a range of HEPES-based
extracellular solutions (150 mM K-Gluconate, 20 mM HEPES,
and 10 mM D-glucose) with different pH values was created by
adding HEPES powder for acidification of the solution or 1 M
NaOH for alkalization.

To increase the permeability of the cell membrane to ions,
80 μM β-escin (Sigma, St Louis, USA) was added to the bath solu-
tion. β-escin was dissolved in water and prepared freshly for each
experiment. This suspension was stable for about 2 h. The cover-
slip with cultured cells was placed into the recording chamber and
superfused with escin-containing bath solution until cells become
swollen, indicating the dissipation of ion gradients and coupled
membrane potential in treated cells. The perfusing solution was
then switched to the escin-free bath solution in order to avoid lysis
of the cells. Thereafter, the fluorescence responses of ClopHensor
constructs corresponding to specified H+ concentrations inside
the cell were registered.

REAL-TIME FLUORESCENCE IMAGING
Fluorescence images were acquired using a customized digi-
tal imaging microscope. Excitation of cells at various wave-
lengths was achieved using a Polychrome V monochromator
(Till Photonics, Germany). Light intensity was attenuated using
neutral density filters. Emission wavelengths were controlled
using a Lambda 10-3 controller (Sutter Instrument Company,
USA). Fluorescence was visualized using an upright micro-
scope Axioskop (Zeiss, Germany) equipped with a 60× water-
immersion objective (n.a. 0.9; LumPlanFL, Olympus, USA).
Fluorescent emitted light passed to a 16-bit digital camera

Andor iXon EM+ (Andor Technology PLC, Northern Ireland).
Images were acquired on a computer via a DMA serial trans-
fer. All peripheral hardware control, image acquisition and
image processing were achieved using Andor iQ software (Andor
Technology PLC). The average fluorescence intensity of each
region of interest (ROI) was measured.

Cells expressing ClopHensor variants were excited at three
wavelengths: 458 and 488 nm for Cl−/pH-sensitive E2GFP excita-
tion, and 545 nm for excitation of DsRed-monomer. Fluorescent
signals were recorded using a dual-band GFP/DsRed 493/574
dichroic mirror (Semrock Inc., USA) and two emission filters:
535 ± 15 nm for E2GFP emission and 632 ± 30 nm for emission
of DsRed-monomer (both Chroma Technology Corporation,
USA). The emission filters were mounted into the Lambda 10−3

Filter wheel (Sutter Instruments Company, Novato, USA).
The duration of excitation at each wavelength was usually

20 ms. The sampling interval was 5 s for the slow [Cl−]i changes
during the transition of the recorded cell in whole-cell configu-
ration and was switched to 1 s for the fast [Cl−]i transients in
response to glycine application after establishing [Cl−]i/[Cl−]p

equilibrium.

IMMUNOCYTOCHEMISTRY
For immunodetection of constructs in CHO cells or hippocam-
pal neurons, cells in culture on coverslips expressing ClopHensor
or it derivatives were fixed in PFA 4% (wt/vol) in 0.1 M phos-
phate buffer (PBS), pH 7.4, at room temperature for 15 min. After
fixation, the cells were rinsed three times in PBS. In each experi-
mental procedure, control and experimental cells were processed
together to eliminate potential bias due to inherent variations
in the intensity of the immunohistochemical labeling. For fur-
ther staining, neurons were pre-incubated in 4% (vol/vol) normal
goat serum in PBS containing 0.5% Triton X-100 (vol/vol) for
1 h at room temperature to block secondary-antibody binding
sites. Coverslips with neurons expressing ClopHensor were then
incubated overnight at 4◦C with rabbit anti-GFP polyclonal anti-
body (Invitrogen) diluted 1:4000 in PBS with 4% normal goat
serum and mouse monoclonal anti-MAP2 antibodies (1:2000).
Incubations with the primary antibodies were performed at room
temperature and slow shaking for 1 h, then overnight at 4◦C.
Samples were rinsed three times in PBS. As secondary antibod-
ies, either a Cy3-conjugated anti-rabbit IgG for detection of GFP
or a Cy5-conjugated anti-mouse IgG for detection MAP2 (all
1:1500; Molecular Probes, Invitrogen) were used. Samples were
then rinsed twice in PBS with one additional washing in PBS
containing Hoechst 33342 (10 mg/ml; Sigma-Aldrich). Coverslips
were mounted using Fluoromount™ (Sigma-Aldrich, St Louis,
MO, USA).

Images were acquired using a Leica SP5C confocal microscope
using 40–60× oil-immersion objectives. Micrographs shown here
are digital composites of Z-series scans of 5–15 optical sections
through a depth of 1–6 μm. Final images were constructed with
ImageJ software.

In vitro ANALYSIS
In vitro characterization of H+ and Cl−-binding properties was
performed by analysing fluorescence spectra variations with a
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multimodal plate reader (EnSpire; PerkinElmer) in 96-well plates.
Acetic acid buffer (50 mM) was used to adjust the solution pH
to around 5.2, 100 mM PBS was used for the pH range 5.2–8.0
and 20 mM DEA buffer was used for the pH range 8.0–8.5.
Temperature was kept constant at 20 ± 0.5◦C and fluorescence
spectra were acquired with 1-nm steps. Protein concentration was
always kept constant at about 1 μM throughout every pH and Cl
titration.

The proton dissociation constant (pKa) was obtained by fitting
fluorescence data with the equation:

F = A1 + A210(pKa − pH)

1 + 10(pKa − pH)

which describes the effect of environmental proton concentration
(pH) on chromophore fluorescence (F).

The chloride dissociation constant (KCl
d ) was obtained by fit-

ting data with a 1:1 Langmuir binding model (Arosio et al.,
2007):

S = S0 + S1 · [Cl] /KCl
d

1 + [Cl] /KCl
d

.

RESULTS
DESCRIPTION OF THE CONSTRUCTS AND in vitro ANALYSIS
In this study we performed calibration and functional charac-
terization of the original ClopHensor and doubly palmitoylated
membrane-targeted constructs (Arosio et al., 2010), as well as a
new ClopHensor variant with mutations designed to increase Cl−
affinity and shift pKa to more alkaline values (Figure 1B).

ClopHensor was designed by linking two fluorescent pro-
teins, E2GFP ? EGFP-T203Y and DsRed-monomer by means of
a flexible 20-amino-acid spacer. To target the sensor to the inner
interface of the plasma membrane, we inserted the N-terminal 20
residues of GAP-43, which contain two palmitoylation sites, at the
ClopHensor N-terminus (Figure 1A). DsRed fluorescence, which
is not affected by pH or Cl− changes, was shown to provide an
excellent normalization signal leading to ratiometric Cl− sensing,
free from the influence of sensor concentration in living neurons.

Following purification of the E2GFP-H148G-V224L mutant,
Cl−-binding properties of the recombinant protein were inves-
tigated in vitro by measuring fluorescence spectra at constant
pH and increasing Cl− concentration, from 0 to 310 mM
(Figures 2A,B). Because of the cooperative interaction between
Cl− and H+ binding, Cl− titrations were measured at various pH
values (from 5.25 to 8.9) and Kd values were analyzed with an
infinite cooperative model (Arosio et al., 2007; Bregestovski and
Arosio, 2011) with two interacting binding sites, one for Cl− and
one for H+:

Kd =
K0

d ·
(

1 + 10(pKa − pH)
)

10(pKa − pH)

containing two fitting parameters for the probe: pKa and K0
d , the

Cl− dissociation constant for the fully protonated form (present
at pH ≤ 5).

FIGURE 1 | Genetically encoded Cl−/pH-sensors used in this study.

(A) Schematic representation of PalmPalm-ClopHensor. (B) A cartoon
representing the specific Cl−-binding site in the newly developed
H148G/V224L/T203Y variant of E2GFP. The residues in positions 148 and
224 as well as the chromophore are shown as stick models with the atoms
colored as follow: C, orange; N, dark blue, and O, red. The Cl− ion is shown
as a sphere model in transparent blue.

The proton binding equilibrium was studied and the pKa value
was determined from spectra acquired at different pH buffer con-
ditions, ranging from 5.25 to 8.9, in the absence of halogens
(Figures 2C,D).

Precisely, the Cl− and H+ binding thermodynamic parameters
for H148G/V224L were found to be pKa = 7.9 ± 0.05 (best-fit ±
SD) and K0

d = 19 ± 1.5 mM.
Overall, in vitro analysis at various pH and Cl− conditions

revealed that the H148G/V224L mutant is suited for Cl− con-
centration measurements with reduced pH dependence in the
physiological range. Indeed, in the pH range between 6.8 and 7.8
Kd changes were between 18 and 30 mM (Figure 3).

DISTRIBUTION OF THE CONSTRUCTS IN CELLS
To determine the intracellular distribution of ClopHensor con-
structs, we transiently expressed them in CHO cells and in
neurons of dissociated hippocampal culture (see Materials and
Methods). Expression was already observable 12 h after trans-
fection and remained at high levels for at least 4 days. The
fluorescence of the ClopHensor was distributed homogeneously
throughout CHO cells (Figures 4A,B, left) and in neurons
(Figure 4C). The fluorescence was bright with no preferential
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FIGURE 2 | In vitro properties of the H148G/V224L ClopHensor mutant.

(A) Emission spectra at pH 7.0 for excitation at 415 nm, at increasing Cl−
concentrations from 0 mM (top spectrum) to 310 mM (bottom spectrum).
Note the reduction in fluorescence intensity due to Cl− binding-site
quenching. (B) Dependence on Cl− concentration of the fluorescence

intensity recorded at 520 nm. (C) Excitation spectra, at different pH values,
for emission at 520 nm, in buffer without chloride. No isosbestic point is
present. (D) pH dependence of the fluorescence intensity recorded at
485 nm. For (B) and (D), data are represented as mean ± SD from 3
independent measurements.

FIGURE 3 | Dependency of Cl− dissociation constant Kd on pH for

H148G/V224L mutant. Note the relatively small variations of Kd in the
physiological pH range (7.0–7.5). Data are represented as mean ± SD from 3
independent measurements.

staining of membrane or intracellular organelles, as illustrated by
the fluorescence profile (Figure 4B, left).

Distribution of the H148G/V224L mutant was also cytoplas-
mic, similar to those for ClopHensor (Figures 4A,B, middle).

In contrast, the PalmPalm-ClopHensor typically showed near-
membrane distribution; however, a small fraction of the probe
could still be observed in the cytoplasm (Figures 4A,B, right).

These observations indicate that ClopHensor and
H148G/V224L mutants exhibit cytoplasmic intracellular
distributions while the PalmPalm-ClopHensor construct is
typically localized to the plasma membrane and the Golgi region,
as it was shown previously (McCabe and Berthiaume, 1999).

INTRACELLULAR CALIBRATION OF THE CONSTRUCTS
Calibration for Cl−
In order to evaluate the dynamic range and sensitivity of con-
structs to ions, we co-expressed them in CHO cells with Cl−-
selective GlyR channels and performed simultaneous monitoring
of whole-cell currents and fluorescent signals. Whole-cell record-
ings were performed with different Cl− concentrations in the
pipette solution ([Cl−]p = 4–135 mM). To activate GlyR chan-
nels, glycine was applied using pressure pulses. For this, a pipette
containing 200 μM glycine dissolved in extracellular solution was
advanced to within 30–50 μm of the recorded cell (Figure 5A).

For ratiometric monitoring, following the approach presented
in Arosio et al. (2010) we used the ratio RCl = F458/F545 for
measurement of intracellular Cl− concentration ([Cl−]i), and
for calculating intracellular pH values (pHi) the ratio RpH =
F488/F458 was used.
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FIGURE 4 | Expression of ClopHensor and its derivatives in CHO

cells and in hippocampal neurons. (A) Confocal micrographs of CHO
cells expressing three genetically encoded probes and (B) illustrative
profiles of signal intensity distribution within the corresponding selected
area. Cells were transfected with ClopHensor (left), H148G/V224L
mutant (middle), and PalmPalm-ClopHensor (right). Note the difference
in distribution patterns being predominantly cytoplasmic for both the

ClopHensor and H148G/V224L mutant and preferential membrane
localization for PalmPalm-ClopHensor that is additionally confirmed by
profiles of fluorescent signal distribution. (C) Confocal micrographs of
ClopHensor expressed in a hippocampal neuron (DIV14). The probe
spread well throughout the cell body and processes, thus providing a
suitable tool for [Cl−]i and pHi monitoring in different regions of
neurons.

Figure 5B illustrates relative changes in [Cl−]i during whole-
cell recordings from three cells, using pipettes with solutions
containing different Cl− concentrations. The graph represents
changes in RCl/RCl0 with time, where RCl0 corresponds to [Cl−]i

in the cell-attached mode, i.e., to the native concentration of Cl−
in the cytoplasm of CHO cells. Obtaining the whole-cell config-
uration by rupturing the membrane with a pipette containing
135 mM Cl− resulted in a strong decrease in RCl/RCl0 , corre-
sponding to elevation of [Cl−]i. In contrast, on rupture of the
membrane with the pipette containing 4 mM Cl− an increase in
RCl/RCl0 was observed. Transition to the whole-cell configuration
with a pipette containing 20 mM Cl− produced a short transient,
increasing with stabilization of RCl/RCl0 at a level close to those
in the cell-attached configuration. This reflects the fact that in the
recorded cell the native value of [Cl−]i in cytoplasm is close to the
[Cl−]p of 20 mM.

Simultaneous monitoring of relative pH changes (RpH/RpH0 )
showed that after transition to the whole-cell configuration pHi

similarly decreased for all three cells recorded with different
[Cl−]p but with identical pH (Figure 5C).

Calibration curves for Cl− obtained from six different [Cl−]p

in physiological conditions were best fitted by a Logistic Dose–
Response Sigmoidal Fit using the OriginPro 8.5 program with the
formula:

RCl = A2 + A1 − A2

1 +
( [Cl−]i

Kd

)p

where RCl is the fluorescence ratio for Cl− (F458/F545), Kd is the
dissociation constant for Cl−binding, A1 and A2 are, respectively,
the minimum and maximum asymptotic values of RCl, and p is
the power value.
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FIGURE 5 | Calibration of ClopHensor for Cl−. (A) Micrographs of CHO cell
co-transfected by ClopHensor and GlyR taken with white light (top) and
545 nm excitation (bottom). Note the patch pipette on the cell and puff pipette
for glycine application at about 50 μm from the recorded cell. (B) Relative
changes in RCl (F458/F545) measured in three cells during whole-cell
recordings with different [Cl−]p : 4 mM (black trace), 20 mM (blue trace), and
135 mM (red trace). Each trace represents data from a single cell. Time = 0

corresponds to the moment the membrane breaks to give whole-cell mode.
(C) Relative changes in RpH (F488/F458) recorded simultaneously in the same
cells as in (B) before and after cells transition into the whole-cell configuration.
(D) Calibration curve for ClopHensor obtained by recording of RCl at six
different [Cl−]p: 4, 10, 20, 60, 100, and 135 mM. Kd = 38.9 ± 6.5 mM (mean ±
s.e.m.). Data from 5–7 cells for each [Cl−]p are presented. Note the
approximately four-fold change in RCl when [Cl−]i is adjusted from 4 to 135 mM.

From this formula we obtained the equation for [Cl−]i values
recalculation:

[Cl−]i = Kd ·
(

A1 − A2

RCl − A2
− 1

) 1
p

For ClopHensor the values of constants obtained from fitting the
curve were the following: Kd = 38.9 ± 6.5 mM, A1 = 1.29, A2 =
0.01, and p = 1 (Figure 5D).

Similar analyses were performed for PalmPalm-ClopHensor
and H148G/V224L mutants (Figure 6). They demonstrated that
changes in RCl/RCl0 observed at transitions from cell-attached
to whole-cell configuration in cells expressing PalmPalm-
ClopHensor were similar to those for ClopHensor (Figure 6A).
From the calibration curve for PalmPalm-ClopHensor the fol-
lowing fitting parameters were obtained: Kd = 46.8 ± 3.8 mM,
A1 = 1.15, A2 = 0.29, and p = 1.02 (Figure 6B). While this
value of Kd was higher than for ClopHensor, the difference was
non-significant (P > 0.05, t-Student).

For cells expressing the H148G/V224L mutant, RCl/RCl0 when
recording with the pipette containing 20 mM of Cl− was almost
midway between values recorded with pipettes containing 135
and 4 mM (Figure 6C), suggesting higher sensitivity of the con-
struct to Cl−. This was confirmed by obtaining the calibration
curve for the H148G/V224L mutant. The constants were the
following: Kd = 21.4 ± 4.8 mM, A1 = 1.58, A2 = 1.06, and p =

1.51 (Figure 6D). Statistical analysis of Kd values for ClopHensor
vs. H148G/V224L showed that they were significantly different
(P < 0.05, t-Student) and for PalmPalm vs. H148G/V224L Kd

values were also significantly different (P < 0.01, t-Student). The
dynamic range of RCl changes for the mutant was, however,
smaller than those for the ClopHensor, which reduces the benefits
arising from the increased affinity.

Calibration for pH
As the H148G/V224L mutation caused a shift in the pKa,
we performed comparative pH calibrations of ClopHensor and
H148G/V224L mutant. For pH calibration, the β-escin method
was used (see Materials and Methods).

Sequential exchanging of bath solutions with different pH val-
ues produced corresponding shifts in the fluorescence pH ratio
(Figure 7).

For pH calibration curves a Dose–Response Sigmoidal Fit
(OriginPro 8.5) with the following formula was used:

RpH = B1 + B2 − B1

1 + 10p(pKa−pHi)

where RpH is the fluorescence ratio for pH (F488/F458), pKa is the
acid dissociation constant for H+ binding, B1 and B2 are, respec-
tively, the minimum and maximum asymptotic values of RpH ,
and p is the power value.
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FIGURE 6 | Calibration of PalmPalm-ClopHensor and H148G/V224L

mutant for Cl−. (A) and (C) Relative changes in RCl (F458/F545) of
PalmPalm-ClopHensor (A) and the H148G/V224L mutant (C) measured in
three cells during whole-cell recordings with different [Cl−]p : 4 mM (black
trace), 20 mM (blue trace), and 135 mM (red trace). Each trace represents the
data from a single cell. Time = 0 corresponds to the moment the membrane
breaks to give whole-cell mode. (B) and (D) Calibration curve for

PalmPalm-ClopHensor (B) and H148G/V224L mutant (D) obtained by
recording RCl at six different [Cl−]p : 4, 10, 20, 60, 100, and 135 mM. For
PalmPalm-ClopHensor Kd = 46.8 ± 3.8 mM and for H148G/V224L mutant
Kd = 21.4 ± 4.8 mM. Data from 5–7 cells for each [Cl−]p are presented. Note
the approximately two-fold changes in RCl for PalmPalm-ClopHensor when
[Cl−]i changed from 4 to 135 mM and the much smaller dynamic range of RCl

for H148G/V224L mutant.

FIGURE 7 | Calibration of ClopHensor and H148G/V224L mutant for pH. (A) and (B) Changes in RpH (F488/F458) of ClopHensor (A) and H148G/V224L
mutant (B) measured in transfected partially permeabilized CHO cells perfused with bath medium of different pH values (see Materials and Methods for details).

From this formula we obtained the equation for pHi values
recalculation:

pHi = pKa − 1

p
· log

(
B2 − B1

RpH − B1
− 1

)
Based on the fitting of the experimental curves the constants
values obtained were: pKa = 6.36, B1 = 0.75, B2 = 1.83, and
p = 1.21 for ClopHensor (Figure 7A) and pKa = 7.32, B1 =
1.11, B2 = 1.99, and p = 0.49 for the H148G/V224L mutant
(Figure 7B). In comparison with ClopHensor, the dynamic range
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of RpH changes and the slope of the calibration curve character-
izing by the constant p for the mutant were smaller, indicating its
lower pH sensitivity.

Transients of [Cl−]i and pHi during activation glycine receptor
channels
We further performed comparative analysis of the three vari-
ants of ClopHensor while monitoring [Cl−]i and pHi transients
induced by activation of Cl−-selective GlyR channels in CHO
cells.

Figure 8A illustrates changes in [Cl−]i monitored from three
CHO cells co-expressing ClopHensor with GlyR and recorded
with different [Cl−]p: 4 mM (black trace), 20 mM (blue trace),
and 135 mM (red trace). Values of [Cl−]i recalculated from
RCl (F458/F545) were obtained using the calibration curve in
Figure 5D. The transition to whole-cell configuration (holding
potential Vh = −30 mV) with a pipette containing 135 mM Cl−
caused a strong elevation of [Cl−]i. After peaking, [Cl−]i slowly
declined, presumably due to pumping out of Cl−i by transporters
(see, for instance, Pellegrino et al., 2011) or through weakly
activated Cl−-selective ionic channels (Friedel et al., 2013).
Application of 200 μM glycine to the cell induced a transient
decrease in [Cl−]i, the amplitude of which depended on the
duration of the applied pulses of the agonist and values of Vh.
The holding potential was transiently changed to the values
indicated on the figure for each pulse of glycine. Application of
the agonist for 1 s caused a decrease of 5–10 mM, while activation
of GlyRs for 10 s resulted in decrease of about 60 mM (Figure 8A,
red trace). After transiently diminishing, [Cl−]i recovered to its
initial steady-state level. Interestingly, for the cell recorded with
[Cl−]p = 135 mM it was difficult to increase [Cl−]i in conditions
under which the glycine-induced current caused a strong influx
of Cl−, i.e., at Vh = +60 and even at +80 mV (Figure 8A, aster-
isks, red trace). In this cell the reversal potential (Er) for IGly was
about +5 mV, as predicted for symmetric intracellular–
extracellular Cl− concentrations.

Simultaneous recording of [Cl−]i and ionic currents
(Figure 8C) showed two main features. First, the kinet-
ics of [Cl−]i transients were much slower than those for
glycine-induced currents. This is in accordance with previous
observations from monitoring of Cl− transients using MQAE-
mediated fluorescence (Marandi et al., 2002) or BioSensor-GlyR
(Mukhtarov et al., 2008). Second, [Cl−]i amplitude increased
both on elevation of the driving force for Cl− and on prolon-
gation of glycine applications. As illustrated in Figure 8C, the
amplitude of [Cl−]i transients induced by 1-s pulses of glycine
increased in parallel with GlyR current amplitude at changes
of Vh from −20 to 0 mV. At constant Vh (0 mV), prolongation
of glycine pulses from 1 to 5 s caused an increase in [Cl−]i

amplitude although an increase in GlyR current amplitude was
not observed.

When transition to whole-cell configuration (Vh = −20 mV)
was produced with a pipette containing 20 mM Cl− a brief tran-
sient decrease in [Cl−]i with subsequent stabilization at a level
close to that in the cell-attached configuration was observed
(Figure 8A, blue trace). Even at short (100 ms) glycine appli-
cations, substantial transients in [Cl−]i, of about 5 mM, were

FIGURE 8 | Monitoring of transients of [Cl−]i and pHi during GlyR

activation using ClopHensor. (A) Changes in [Cl−]i monitored by
ClopHensor in three CHO cells co-expressing GlyR and recorded with
different [Cl−]p : 4 mM (black trace), 20 mM (blue trace), and 135 mM
(red trace). Transients in [Cl−]i on transition to whole-cell configuration
and GlyR channel activation at different holding potentials (Vh) and
different durations of glycine (200 μM) pulses are illustrated. Reversal
potentials for glycine-induced currents (Er ) for each cell recorded with
different [Cl−]p are indicated. (B) Changes in pHi monitored
simultaneously with [Cl−]i by ClopHensor in the same cell as in
(A) (black trace) recorded with [Cl−]p = 4 mM. Note that only the
long (5 s) glycine application produced noticeable pHi changes of
0.1–0.2 units. (C) Simultaneous monitoring of whole-cell current (Ipatch)
and [Cl−]i during glycine application in a cell co-expressing ClopHensor
and GlyR and recorded with a [Cl−]p of 4 mM. Responses from
dashed frame in (A) (black trace) are illustrated. Note: (i) the kinetics
of [Cl−]i transients are much slower than those for corresponding
glycine-induced currents (IGly); (ii) both amplitudes of IGly and [Cl−]i
changes increase with elevation of the driving force for Cl−
(recordings at Vh = −20 and 0 mV); (iii) [Cl−]i amplitude increases with
increasing GlyR channels activation from 1 to 5 s, while IGly

amplitudes are similar (Vh = 0 mV). Asterisk on Ipatch trace indicates
the artifact when Vh changed from −20 to 0 mV. Because of the high
input resistance of the cell, the steady-state shift in the current on
changing the Vh is very weak in comparison with IGly amplitudes and
is not visible on the record.
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recorded with Vh = +60 mV; these reversed in direction when
Vh was changed from +60 to −80 mV. Er for glycine-induced
currents in this cell was about −45 mV (Figure 8A, blue trace).

With a pipette containing 4 mM Cl−, transition to whole-cell
configuration (Vh = −20 mV), as predicted, caused a decrease in
[Cl−]i (Figure 8A, black trace). At Vh = −20 and 0 mV, applica-
tion of 200 μM glycine induced strong [Cl−]i transients whose
amplitudes increased with prolongation of pulse duration; these
increases were about 3–5 and 18–22 mM for glycine pulses of 1
and 5 s, respectively. Similarly to high [Cl−]p, for the cell recorded
with a [Cl−]p of 4 mM it was difficult to decrease [Cl−]i in condi-
tions under which glycine-induced current caused efflux of Cl−,
i.e., at Vh = −100 mV (Figure 8A, asterisks, black trace). Er for
glycine-induced currents in this cell was about −80 mV.

Simultaneous monitoring of pHi in the same cell as that shown
in Figure 8A, black trace, demonstrated a decrease in pHi of about
0.6 units after transition to whole-cell configuration (Figure 8B).
Values of pHi recalculated from RpH (F488/F458) were obtained
using the calibration curve in Figure 7A. The changes in [Cl−]i up
to 5 mM (with 1-s glycine applications) did not produce marked
changes in pHi, while the changes in [Cl−]i to ≥20 mM (with
5-s glycine applications) caused changes in pHi of 0.1–0.2 units
(Figure 8B).

These observations indicate that ClopHensor is a reliable tool
for long-lasting simultaneous monitoring of intracellular Cl− and
pH in living cells.

Next we analysed the properties of ClopHensor deriva-
tives: the membrane-targeted PalmPalm-ClopHensor and the
H148G/V224L ClopHensor mutant.

Figure 9A illustrates simultaneous monitoring of [Cl−]i (top
trace) and pHi (bottom trace) by PalmPalm-ClopHensor in CHO
cells co-expressing GlyR and recorded with a [Cl−]p of 4 mM.
Values of [Cl−]i recalculated from RCl (F545/F458) were obtained
using the calibration curve in Figure 6B. The transition to whole-
cell configuration (Vh = −20 mV) produced a decrease in [Cl−]i

similar to those monitored by ClopHensor. Short (100 ms) appli-
cation of 200 μM glycine to the cell induced transient increases in
[Cl−]i that were dependent on the difference between the holding
potential and the reversal potential of glycine-induced currents.

Transients in [Cl−]i varied from about 10 mM at Vh = 0 mV
to about 20 mM at Vh = +60 mV (Figure 9A, top trace). Er for
glycine-induced currents in this cell was about −75 mV. These
changes were much higher than would be found when monitoring
with ClopHensor at similar stimuli. This was confirmed on analy-
sis of [Cl−]i transients when recording from cells expressing these
two sensors. As illustrated in Figure 9B, very similar GlyR cur-
rents induced [Cl−]i transients whose amplitude appeared about
2.5-fold higher when monitored by PalmPalm-ClopHensor.

As the molecular organization of PalmPalm-ClopHensor is
identical to that of ClopHensor, the recalculation of pHi val-
ues from RpH (F488/F458) was done using the calibration curve
in Figure 7A. Similarly, after transition to whole-cell configura-
tion, pHi decreased by about 0.5 units (Figure 9A, bottom trace).
Very weak pHi transients were observed (Figure 9A, bottom trace)
with short (100 ms) glycine applications even at Vh = +60 mV,
while the transient increase in [Cl−]i in this cell was about 20 mM
(Figure 9A, top trace).

FIGURE 9 | Monitoring of transients in [Cl−]i and pHi in response to

GlyR activation, using PalmPalm-ClopHensor and the H148G/V224L

mutant. (A) Changes in [Cl−]i (top trace) and pHi (bottom trace)
monitored simultaneously by PalmPalm-ClopHensor in a CHO cell
co-expressing GlyR and recorded with [Cl−]p = 4 mM. Transients in [Cl−]i
and pHi upon whole-cell penetration and GlyR activation by pressure
application of 200 μM glycine to the cell at different Vh and 100 ms
duration of agonist application are illustrated. The reversal potential for
glycine-induced currents (Er ) is indicated. Note the very small pHi

changes at short (100 ms) glycine application (bottom trace). (B) Averaged
glycine-induced current (IGly) amplitudes (magenta columns, right) and
corresponding [Cl−]i changes (black columns, left) in response to 1-s
glycine applications. Whole-cell recordings from CHO cells with pipettes
containing [Cl−]p = 4 mM. Cells expressed either ClopHensor (ClopH) or
PalmPalm-ClopHensor (Palm). Note that for very similar IGly, transients of
[Cl−]i are about 2.5-fold higher when monitored by PalmPalm-ClopHensor
than by ClopHensor. Data from seven cells for each sensor are
illustrated. ∗∗P < 0.01 (ANOVA). (C) Changes in [Cl−]i (top trace) and pHi

(bottom trace) monitored by the H148G/V224L mutant of ClopHensor in
a CHO cell co-expressing GlyR and recorded with a [Cl−]p of 4 mM.
Transients in [Cl−]i upon whole-cell penetration and GlyR activation by
pressure application of 200 μM glycine to the cell at different Vh and 1-s
duration of agonist application are illustrated. Note the evident pHi

changes of about 0.1 units only under conditions of substantial difference
between Vh and Er and relatively long (1-s) glycine application. Different
baseline noise in the two traces resulted from changes in acquisition
frequency from 0.2 to 1 Hz.
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When the H148G/V224L mutant of ClopHensor was co-
expressed with GlyR in CHO cells recorded with [Cl−]p = 4 mM,
a decrease in [Cl−]i on transition to whole-cell configuration
(Vh = −20 mV) was also observed (Figure 9C, top trace). Values
of [Cl−]i recalculated from RCl(F545/F458) were obtained using
the calibration curve in Figure 6D. Again, glycine-induced tran-
sient increases in [Cl−]i depended on the difference between Vh

and Er . Transients in [Cl−]i with 1-s glycine application var-
ied from about 5 mM at Vh = 0 mV to about 10 mM at Vh =
+90 mV. Er for glycine-induced currents in this cell was about
−65 mV.

Simultaneous monitoring of pHi in the same cell reveal
that the [Cl−]i transients below 5 mM did not produce
marked changes in pHi. The recalculation of pHi values
from RpH(F488/F458) was done using the calibration curve in
Figure 7B. An evident pHi increase (of about 0.1 units) was
recorded only when there was a substantial difference between
Vh and Er and relatively long (1-s) glycine application, which
induced a [Cl−]i elevation of about 10 mM (Figure 9C, bottom
trace).

These results demonstrate that PalmPalm-ClopHensor, which
has preferable membrane targeting, could be of interest for near-
membrane measurement of intracellular Cl− and pH changes.
Another construct, the H148G/V224L mutant of ClopHensor,
with a higher affinity for Cl−, possesses the smallest dynamic
range of RCl (F458/F545) changes and this could be a limiting
factor in some cases due to lower signal/noise ratio.

DISCUSSION
Development of genetically encoded probes for non-invasive
monitoring of ions and protein function has opened powerful
routes for the analysis of a variety of physiological problems
and functions of various cell types under different experimen-
tal conditions. These probes are non-toxic, capable of remaining
stable in cells for a long time, can be expressed in specific cellu-
lar compartments and are suitable for production of transgenic
models.

Here, we describe the calibration in living cells, the cyto-
plasmic distribution, and examples of simultaneous monitoring
of intracellular Cl− and H+ of three genetically encoded sen-
sors: (1) ClopHensor; (2) its variant designed to have preferential
membrane targeting due to the addition to the N-terminus of
a short peptide containing two palmitoylation sites (PalmPalm-
ClopHensor) (Arosio et al., 2010), and (3) ClopHensor contain-
ing mutations of E2GFP (H148G/V224L) aimed at increasing the
Cl− affinity of the sensor.

Following transient expression in CHO cells, ClopHensor
and the H148G/V224L mutant exhibit cytoplasmic intracellu-
lar distribution while the PalmPalm-ClopHensor construct, as
expected, is preferentially localized in the vicinity of membranes.
Upon transfection of rat dissociated hippocampal cultures with
cDNA of ClopHensor, the probe shows a strong cytoplasmically
distributed fluorescence in the soma and neuronal processes.
These observations indicate that all three sensors can be easily
expressed in various cell types and detected in different, even very
small, areas of cells.

Calibration analysis performed on CHO cells using patch
pipettes containing different concentrations of Cl−, and also

β-escin permeabilization with bath medium having differ-
ent pH (Waseem et al., 2010) revealed that the constructs
exhibit different sensitivity to Cl− and H+. While ClopHensor
and PalmPalm-ClopHensor probes demonstrated Kd for Cl−
of about 40 mM, for the H148G/V224L mutant this value
was about 20 mM, indicating its higher affinity. However,
the mutant exhibits a smaller dynamic range of RCl, which
could be a limiting factor for monitoring Cl− in cells con-
taining low [Cl−]i or with small changes in Cl− concen-
tration. Poor dynamic range could be, at least partially,
explained by different spectral properties of H148G/V224L
mutant (Figures 2A,C) from those for ClopHensor (Arosio
et al., 2010). In the present study, for all constructs including
the H148G/V224L mutant, the calibration measurements were
performed using the same excitation wavelengths, GFP/DsRed
dichroic mirror and emission filters (see Materials and Methods).
We suggest that this range can be considerably extended
in the future by better selection of excitation and emission
parameters.

Calibration of pH in CHO cells using the β-escin method
showed that the pKa for the H148G/V224L mutant is strongly
shifted to alkaline values. This is consistent with in vitro mea-
surements: pKa = 7.9 ± 0.05. In vitro analysis also demonstrated
that Kd for Cl− of the H148G/V224L mutant exhibits rel-
atively small pH dependency over a wide pH range: from
about 18 mM at pH 6.5 to about 30 mM at pH 7.8. This
suggests that the H148G/V224L mutant is a useful tool for
[Cl−]i measurements in experimental models with high pH
variations.

Our previous observations demonstrated that when using the
CFP/YFP-based Cl-Sensor, long or frequent acquisition causes
strong “bleaching” of Cl−-sensitive YFP resulting in changes
in fluorescence parameters during ratiometric measurement of
[Cl−]i. This problem is discussed in detail in the paper by
Friedel et al. (2013, this issue). In contrast, E2GFP-DsRedm-based
ClopHsensor exhibits remarkable stability (see, for instance,
Figures 8, 9), providing an excellent tool for long-lasting reliable
monitoring and with variable acquisition rate.

Our observations of the effects of activation of Cl−-
selective GlyR channels on [Cl−]i indicate that it is a highly
dynamic parameter, which can be strongly changed by over-
activation of Cl−-selective channels or activity of other pro-
teins involved in regulation and determination of physiological
[Cl−]i in living systems. Indeed, activation of GlyRs for sev-
eral seconds caused changes in [Cl−]i of more than 10–20 mM
(Figures 8, 9).

Together our experiments demonstrate that these three
ClopHensor constructs are suitable tools for stable, long-lasting,
non-invasive monitoring of [Cl−]i and pHi in different cell types.
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3.2 Random mutagenesis

Here, through a combination of random and targeted site-saturation mutagene-

sis and accumulating beneficial mutations over multiple generations, we devel-

oped novel chloride-sensitive GFP variants with high pKa values, of about ≥ 8.0.

Random GFP library were iteratively produced following random mutagenesis by

error-prone PCR [123,124]. We then set up protocols and analysis pipeline for the

screening of GFP variants based on their pKa, Cl- Kd and fluorescence properties

(Fig. 3.5).

Figure 3.5: Schematic diagram of the random mutagenesis screening. Following trans-
formation selected colonies were picked and grown overnight at 37°C in 1 ml LB-Amp.
Bacteria (from each well) were then spread on LB-AMP-IPTG plate and grown for 24 hours
at 30°C. Only brightly fluorescent clones were grown, stored and purified for automated
measurement of pKa and Cl− Kd.

We aimed to produce library of GFP variants carrying 1-3 mutations. To this aim

we optimized the use of the GeneMorph® II Random Mutagenesis Kit (Strata-

gene, La Jolla, CA) by testing various amount of template DNA (from 0.5 to 240

ng) and various number of PCR amplification cycles (from 25 to 35). We adopted

5 ng of template DNA and 30 PCR cycles as reported in Tbl. 3.2. PCR primers

were designed for cloning into the pPR-IBA2 vector (IBA, Germany): NdeI-fw CGC-

82
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CATATGgctagctggagccacc (25 bp; 66 °C) and HindIII-rv GGGAAGCTTagttagaTAT-

CACTTGTACAGC (28 bp; 64 °C). Details can be found in Sec. 2.5.

Table 3.2: PCR program for random mutagenesis.

number of cycles T °C duration

1 95 20 min

30 95 30 sec

62 30 sec

72 3 min

1 72 10 min

After transformation, colonies were picked and grown in 1 ml LB-Amp at 37°C

under shacking overnight in a 96 deep well plate. Positive (E2GFP clone) and

negative (empty vector clone) controls were added. Few micro liters from each well

were then spread on a LB-amp-IPTG 0.1 mM agar plate and incubated 24 hours at

30°C to induce protein expression in BL21 cells. Various degree of fluorescence

brightness were observed. Clones with fluorescence intensity higher than the

negative controls were selected and incubated in 1 ml LB-Amp into a new 96

deep well plate for storage at -80°C upon addition of 50% Glycerol.

After expression, libraries were purified using Strep-Well HT 50 purification

plates (“IBA”, Germany) and a Tecan EVO 200 robot (Sec. 2.6) with an average

yield of about 2 ug of protein per well. Libraries of purified GFP variants were

then assayed for determining the chromophore protonation pKa and possibly in

the same plate for the Cl- dissociation constant Kd.

To cover the pH range from 9.0 to about 5.0, we screened various buffer systems

for reproducibility and identified the following buffer being able to maintain stable
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Figure 3.6: Stability of buffer for automated pH titration assay. Reproducibility of pH
values upon addition of 2 ul 1.9% sulfuric acid into 100 ul buffer: 50 mM Tris base, 50 mM
Bis Tris, 25 mM citric acid, 1 mM EDTA, 2.5 mM dDTB, 150 mM Na2SO4. Titrated pH
values were stable over day and independent of the presence of protein in solution.

pH values upon addition of small aliquots of 1.9% sulfuric acid in the desired

range over days (Fig. 3.6). Composition of the starting buffer at pH=9.0 was: 50

mM Tris base, 50 mM Bis Tris, 25 mM citric acid, 1 mM EDTA, 2.5 mM dDTB,

150 mM Na2SO4.

Fluorescence pH-titrations were collected at 2 excitation band peaked at 400

and 485 nm using a filter based plate reader (Sec. 2.6). Titration data were

extracted and analysed using a software pipeline (source code available in a Bit-

bucket repository https://bitbucket.org/darosio/prtecan). A representative pH-

titration example is reported in Fig. 3.7 and the Cl--titration for the same well in

Fig. 3.8.

Fig. 3.9 compares results between a library produced at the beginning and one

produced after few rounds of random-mutagenesis improvement of GFP variant

pKa.

The best hits from our analyses were sent for sequencing and results are sum-

marized in Tbl. 3.3. Interestingly, our approach identified mutation at position
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Figure 3.7: Automated pH-titration analysis. Titration data collected using 2 excitation
bands peaked at 400 (label0) and 485 (label1) nm. Data were subtracted for average buffer
fluorescence intensity and corrected for dilution generated by titrating additions. Fit to
the single band data are reported (solid colored lines) using the following equation: S =
SB+SA10pKa−pH

1+10pKa−pH . Global fitting to both dataset for estimating a global pKa parameter is
also reported (dashed blue lines).

Figure 3.8: Automated Cl-titration analysis. Titration data collected using 2 excitation
bands peaked at 400 (label0) and 485 (label1) nm. Data were subtracted for average buffer
fluorescence intensity and corrected for dilution generated by titrating additions. Fit to
the single band data are reported (solid colored lines) using the following equation: S =
SA+SB [Cl]/Kd

1+[Cl]/Kd
. Global fitting to both dataset for estimating a global Kd parameter is also

reported (dashed blue lines).
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69 lowering the pKa value in agreement to published results for citrine fluores-

cent protein [88]. To confirm pKa and Kd results (from the automated screening

analysis) and to assess other spectral and biophysical properties, protein purifi-

cation of the best candidate was scaled up. An aliquot of BL21 cells, stocked in

glycerol, corresponding to the clones of interest were first grown in 2 ml of LB

medium-Amp at 37 °C overnight and then protein production induced in 250 ml

cultures. For this cases, Tbl. 3.3 reports also pKa values measured at 20 and 37

°C.

Table 3.3: Selected hits from the random mutagenesis.

template well lib pKa Kd (mM) mutations

E2GFP-

S202N

A04 1 6.4 ± .8 T65S M153R

A10 1 6.9 ± .7 D46E G61D V68M

A206V

B06 1 6.8 ± .7 D173E S205T

G09 1 6.9 ± .5 S2G

H11 1 7.1 ± .2 E6K

E2GFP-

S202N

D03 2 6.8 ± .2 D190V

E2GFP-

S202N

A08 3 7.0 ± .1 6.1 ±

0.2

V93I

B03 3 6.8 ± .1 8.8 ±

0.3

N144K

B09 3 7.0 ± .1 9.1 ±

1.0

N149D
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template well lib pKa Kd (mM) mutations

D09 3 6.8 ± .1 9.4 ±

0.2

S2I

F09 3 6.6 ± .1 10.0 ±

1.1

I167T D197N

G09 3 6.9 ± .2 5.0 ±

0.1

V16I

G10 3 6.8 ± .2 8.7 ±

0.3

E6D

E2GFP-

S202N

A11 4 7.6 ± .2 7.15a 0.0 ±

2.5

K14ON

E06 4 5.4 ± .2 1.8 ±

0.1

Q69H K131M

G02 4 7.6 ± .1 7.8a 7.65b 5.6 ±

0.2

A87T N185T

G06 4 6.0 ± .2 2.5 ±

1.8

Q69H

B05 4 6.8 ± .1 7.4 ±

0.6

V120L

B02 4 6.9 ± .1 9.1 ±

0.7

E11Q R168L

A10 4 6.9 ± .1 6.2 ±

0.4

H81Y N198T

shiftN200

A05 4 6.9 ± .1 7.0 ±

0.9

E5D T97S K166M

B04 4 6.9 ± .1 9.7 ±

1.9

Q80H
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template well lib pKa Kd (mM) mutations

B06 4 6.8 ± .1 8.4 ±

0.7

K140N

B03 4 7.0 ± .1 10.6 ±

1.1

P187L shiftN206

A03 4 7.1 ± .1 10.6 ±

0.5

H81Y

A09 4 6.8 ± .1 10.3 ±

1.2

E90D N144K

A04 4 6.8 ± .1 10.0 ±

0.4

D133N

A02 4 6.9 ± .2 8.8 ±

0.8

H25L T50S Q184Y

L207M

A07 4 7.0 ± .1 7.2 ±

0.9

K126M

A06 4 6.9 ± .1 10.3 ±

0.9

E172V

A08 4 6.8 ± .1 7.4 ±

1.6

E32K K52R A154T

E2GFP-

S202N

D02 5 7.0 ± .1 R73H H81V T118I

Y182F L201M

G02 5 7.3 ± .1 A87V K156T

G10 5 7.3 ± .1 F99I G116C

Y203C

E2GFP-

S202N

D07 6 6.7 ± .1 L201M

B03 6 6.6 ± .1 S30F N105K
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template well lib pKa Kd (mM) mutations

E2GFP-

A87T-

E05 7 7.7 ± .3 1.1 ±

1.5

Y151C N198I

N185T-

S202N

H11 7 7.8 ± .1 11.5 ±

1.6

Q94L

B03 8 7.6 ± .1 6.4 ±

0.3

S2N

B11 8 7.8 ± .2 8.0a 7.66b 1.2 ±

1.3

D21Y

E2GFP-

A87T-

A04 10 7.8 ± .1 8.2a 7.76b 3.8 ±

0.6

D21H

N185T-

S202N

A05 10 8.1 ± .1 8.2a 7.8b 11.0 ±

1.3

I167V

A06 10 7.7 ± .1 8.16a 7.77b 4.2 ±

0.9

E115V

A07 10 7.7 ± .2 8.0a 7.6b 10.3 ±

1.8

V150I

A09 10 7.8 ± .3 4.0 ±

0.6

R215C

A11 10 7.9 ± .7 8.0a 7.6b 5.4 ±

0.9

31

B09 10 7.6 ± .2 5.5 ±

1.2

L7R

B11 10 7.7 ± .7 8.1a] 7.7b 5.2 ±

0.7

C48S N105Y

D06 10 8.0 ± .4 4.2 ±

0.4

A226G
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template well lib pKa Kd (mM) mutations

D07 10 7.7 ± .1 4.5 ±

0.3

Q80L

E04 10 7.9 ± .1 8.4a 7.9b 24.1 ±

3.4

I47V I167V Q184E

G03 10 8.1 ± .1 8.4a 7.9b 12.7 ±

0.6

I47V I167V Q184E

E06 10 7.7 ± .1 7.1 ±

1.8

I149C N198I

E08 10 7.8 ± .2 8.15a 7.75b 4.0 ±

0.3

N170D

F06 10 7.7 ± .2 8.7 ±

1.2

D103E

Correlating pKa values with sequences data, we finally identified key positions

within GFP structure which can strongly affect the GFP protonation equilibria

(Fig. 3.10) and might be targeted by saturation mutagenesis.
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3.3 Chloride imaging simplified by Long Stokes Shift

fluorescent protein

This work has been adapted from:

Synchronous Bioimaging of Intracellular pH and Chloride Based on LSS Fluorescent
Protein

Paredes, J. M., Idilli, A. I., Mariotti, L., Losi, G., Arslanbaeva, L. R., Sato, S. S.,
Artoni, P., Szczurkowska, J., Cancedda, L., Ratto, G. M., Carmignoto, G., and
Arosio, D. ACS Chem. Biol. 11, 1652–1660 (2016)

Attached reprint with permission of the copyright holder.

Copyright (2016) American Chemical Society.
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Cl- biosensors can be based on the fluorescence resonance energy transfer (FRET)

between a CFP variant and a chloride-binding YFP variant; in this case, they

are ratiometric in emission. Unfortunately, FRET-based Cl- measurements are

biased by a strong pH dependency - present in all the YFP and GFP variants

adopted in chloride-sensing applications - of both the Cl- binding affinity and

the emitted fluorescence. Precise Cl- measurements require therefore indepen-

dent estimation of the intracellular pH or, alternatively, the simultaneous mea-

surement of intracellular Cl- and pH combined into a single construct. ClopHen-

sor prevents the intricate pH dependency of FRET signals and provides both a

chloride-independent ratiometric measurement of the intracellular pH and an

accurate measurement of the intracellular Cl- concentration. ClopHensor is ra-

tiometric in excitation and requires, for its operation, sequential illumination

with three wavelengths to excite the pH isosbestic point at exactly 458 nm, the

green anionic form at about 488 – 500 nm and the red component at about 540

– 560 nm (see Sec. 1.5).

To simplify setup requirements and allow a wider adoption of quantitative chlo-

ride imaging with the correct analysis of concomitant pH changes, we reasoned

whether it was possible to substitute DsRed-monomer with a FP with a large (>

100 nm) Stokes shift. Red fluorescence proteins with a large distance between

excitation and emission maxima could allow the ratiometric operation using a

single excitation wavelength that is optimal for both the green and red proteins.

This, we tested LSSmKate2 [125,126] as a partner of E2GFP. We named the new

biosensor LSSmClopHensor, and demonstrated its ability to perform dynamic

measurement of concomitant changes of intracellular H+ and Cl- concentration

in neurons.
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3.3.1 Development of LSSmClopHensor

LSSmKate2 shows favorable properties to replace DsRed-monomer in ClopHen-

sor. LSSmKate2 excitation maximum at 460 nm matches E2GFP isosbestic point

at 458 nm [113,115] Fig. 3.11; compared to DsRed-monomer, LSSmKate2 shows

faster maturation rate and higher pH stability (pKa = 2.7) with unaltered bright-

ness.

To examine whether the fluorescence of LSSmKate2 was also stable over changes

of Cl- concentration, we purified recombinant LSSmKate2 from bacterial lysate

and measured fluorescence properties. Emission spectra collected in a wide

range of Cl- concentration (from 0 to 1 M) Fig. 3.12 and pH values (from 5.2

to 8.4) Fig. 3.13 resulted superimposed indicating high Cl- stability over a wide

pH range.

Using recombinant LSSmKate2, we also surveyed its brightness - as the product

of absorption and quantum yield - relative to E2GFP and obtained a value

of 0.57 ± 0.05; a substantial improvement over the corresponding value of

0.13 for DsRed-monomer [127], which should lead to numerically more stable

ratio calculation. Motivated by the large Stokes shift and the high pH and

Cl- stability of LSSmKate2, we then decided to replace DsRed-monomer with

LSSmKate2 and generate LSSmClopHensor, a new chimeric protein linking

E2GFP with LSSmKate2 (panel a). We expressed and purified recombinant

LSSmClopHensor to check whether the chimeric protein conserved the fluo-

rescence properties E2GFP. The excitation wavelength (isosbestic point) that

produces a pH-independent fluorescence intensity was present in the same

position of E2GFP (panel b). Therefore, excitation of LSSmClopHensor at 458 nm

shall continue to provide the pH-independent fluorescence signal, which turned

out convenient for the simultaneous ratiometric measurement of pH and Cl- con-
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centration [115]. We performed a pH titration of recombinant LSSmClopHensor

in the range from 5.6 to 8.7. The ratio (488-over-458) of the emission spectra

integrated from 500 to 550 nm and collected using excitation bands peaking at

488 nm (panel c) and 458 nm (panel d) defined the RpH ratio (panel e) of Fig. 3.14.

Notably, the RpH ratio is not affected by changes in Cl- concentration, follows

a single site binding curve (Methods, Eq. 2.2) and thus allows for accurate pH

measurements independently of Cl- and LSSmClopHensor concentrations.

We then calculated the emission ratio RCl between the green (from 500 to 550 nm)

and red (from 580 to 640 nm) fluorescence at increasing Cl- concentrations using

a single excitation band (Fig. 3.14, panel f). Increasing amount of Cl- quenched

the green fluorescence because of the static quenching mechanism that regu-

lates Cl- binding to the E2GFP moiety. Red fluorescence instead remained con-

stant thanks to the chloride-independent fluorescence of LSSmKate2. Overall,

chloride titrations at various pH values demonstrated a high sensitivity for Cl-

within the physiological pH range (Fig. 3.14, panel g and Supplementary Figure

S6). Finally, we investigated the ion shield effects on our measurements. In the

cellular environment, in fact, biological processes produce continuous changes

of the local ion concentrations, which can prevent correct pH measurements by

altering the apparent pKa of the sensor [128,129]. We measured the apparent

pKa of LSSmClopHensor at increasing ionic strength and observed only a slight

decrease, from 6.74 ± 0.02 to 6.57 ± 0.04, when moving from low (1 mM) to high

(2 M) salt concentration (Fig. 3.15). This assured us that LSSmClopHensor can

report intracellular pH accurately even in the presence of the largest physiological

changes of ion concentration.
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3.3.2 Chloride imaging in live cells

We first expressed LSSmClopHensor in human embryonic kidney 293 (HEK293)

and in human neuroblastoma (SK-N-SH) [130,131] cells. Protein expression

showed a uniform distribution pattern within all cell compartments without ob-

servable aggregates for both cell lines as well as for differentiated SK-N-SH cells

- adopting neuronal-like phenotype (Fig. 3.16).

By ionophore clamping cells at values encompassing a wide range of pH and Cl-

concentrations, we performed an in situ calibration. Two excitation wavelengths,

488 and 458 nm, and two emission bands, green and red, provided the three

channels (cyan, green and red) required for ratio analyses (detailed in Sec. 2.8).

Global fitting (using Eq. 2.2) of RpH values obtained from both cell lines provided

a unique pH calibration curve (Fig. 3.17, a).
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Figure 3.17: pH and chloride imaging calibration in cells. (a) Green-to-cyan RpH ratio
values vs. pH for LSSmClopHensor expressed in HEK293 (black circles) and SK-N-SH (red
squares) cells. Global fitting curve was drawn for the two datasets using [@eq:rpH] in Methods
and the following best fit parameters: RA = 2.75 ± 0.11, RB = 10.2 ± 0.3 and pKa = 6.89
± 0.06. Error bars are cell-to-cell standard deviation (N = from 20 to 25 cells). (b) Cyan-to-
red RCl ratio values vs. Cl− concentration for LSSmClopHensor expressed in HEK293 cells
at the pH values of 5.54, 6.15, 6.62, 7.35, 7.56 and 7.90, in the direction indicated by the
arrow. Fitting curves were drawn using [@eq:rcl] in Methods. (c) Cl− dissociation constant
Kd, determined as exemplified in b, vs. pH for LSSmClopHensor expressed in HEK293 (black
circles) and SK-N-SH (red squares) cells. Fitting curve was drawn using [@eq:kd] with the
following best-fit parameters: pKa = 6.64 ± 0.12 and chloride Kd = 14.27 ± 3.5 mM. Error
bars represent the best fit uncertainties. (d) R0

Cl of HEK293 (black circles) and SK-N-SH
(red squares) cell lines clamped at various pH values and [Cl−] = 0 mM. Error bars represent
the best fit uncertainties. (e) Representative pH maps of HEK293 cells clamped at [Cl−]
= 0 mM and various pH values. (f) Representative [Cl−] maps of HEK293 cells clamped
at pH = 6.6 and various [Cl−] values. (g) Distributions of pH values corresponding to cells
reported in e. (h) Distributions of [Cl−] values corresponding to cells reported in f.

Because chloride Kd of GFP-based biosensor is strongly pH-dependent, different

Cl- calibration reference curve are obtained at different pH values. Using the

single 458-nm excitation, we acquired RCl values in HEK293 (Fig. 3.17, panel

b) and in SK-N-SH (Fig. 3.18) cells at increasing amount of Cl- concentration for

various pH values.

By fitting LSSmClopHensor Cl- titration with Eq. 2.3, we determined the depen-

dence of chloride Kd on pH, which can be modeled according to the cooperative

binding of H+ and Cl- to E2GFP-based biosensors [115,132] as follows.

Kd(pH) = K1
d

1 + 10pKa−pH

10pKa−pH

where K1
d is the Cl- dissociation constant of the fully protonated form of LSSm-

ClopHensor; an intrinsic property of the sensor that together with the pKa char-

acterize the binding equilibria of LSSmClopHensor in solution. Using data from

both cell lines for a global fit, we obtained a reference function for the dependence

of the chloride Kd on pH (Fig. 3.17, panel c). Finally, the last parameter required

by our calibration scheme was the setup dependent parameter R0
Cl, estimated by
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clamping cells at [Cl-] = 0 mM. We recorded R0
Cl values in a wide pH range for both

cell lines and obtained a weighed average value of 1.03 ± 0.19 (Fig. 3.17, panel

d). Following the determination of three setup-dependent (R0
Cl, RA and RB) and

two LSSmClopHensor intrinsic (pKa = 6.64 ± 0.12 and K1
d = 14 ± 3 mM) param-

eters, the following operational order settled pH and Cl- concentration maps: for

each pixel of segmented cells (1) we assigned a pH value using the measured RpH

value and the pH calibration curve in Fig. 3.17, panel a; (2) then we calculated a

chloride Kd value using Eq. 1.2; and finally (3) we assigned a Cl- concentration

value using the measured RCl value and Eq. 2.3 (Fig. 3.17, panel e and f). The

narrow pixel-by-pixel distribution reveals the precision of LSSmClopHensor for

pH and Cl- measurements (Fig. 3.17, panel g and h).
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Figure 3.19: pH and chloride imaging calibration in cells. LSSmClopHensor measures
physiological changes in intracellular pH and Cl− concentrations. (a) Representative pH
map for SK-N-SH cells. The inserts show the distribution (pixel-by-pixel) of pH values
for the highlighted cells. (b) Representative [Cl−] map for SK-N-SH cells. (c) Cell-by-cell
distribution of pH w values for SK-N-SH cells (top) and HEK293 cells (middle) represented
with histograms and kernel density estimate curves. Black (HEK293) and red (SK-N-SH)
lines were drawn from the best fit to a Gaussian distribution. Comparison of the cumulative
distribution functions for the examined cell populations (bottom) indicated that the average
pH of SK-N-SH cells is distributed in a range of significantly (p = 0.005 in a Kolmogorov-
Smirnov test for statistical difference in distributions) smaller pH values. Two-sided t-test
indicated an average pH significantly different between the cell lines (p = 0.0009; and using
Welch’s t-test p = 0.0007 for different sample variances). (d) Cell-by-cell distribution of [Cl−]
values for SK-N-SH cells (top) and HEK293 cells (middle) represented with histograms and
kernel density estimate curves. Black (HEK293) and red (SK-N-SH) lines were drawn from
the best fit to a Gaussian distribution. Comparison of the cumulative distribution functions
for the examined cell populations (bottom) indicated that the distribution of intracellular
Cl− concentration was significantly different between SK-N-SH and HEK293 cells (p =
1.6×10−10 in a Kolmogorov-Smirnov test between distributions).

We next investigated how the Cl- is distributed both in cellular compartments

and from cell to cell. We performed direct measurements of intracellular Cl-

concentration and pH in model neuronal SK-N-SH cells under physiological con-

ditions (Fig. 3.19). Distribution of Cl- concentrations was narrow in SK-N-SH

cells, peaking at 8.0 ± 4.1 mM (mean ± SD, N=37). On the contrary, we observed

a broader distribution of intracellular Cl- concentration in HEK293 cells (24 ± 12

mM, N=44). Intracellular pH values were 7.17 ± 0.13 (mean ± SD, N=37 cells) and

7.29 ± 0.18 (N=44 cells) for SK-N-SH and HEK293 cells, respectively. Our finding

showing a lower Cl- concentration in SK-N-SH than in HEK293 cells is in agree-

ment with intracellular Cl- values reported for neuronal cell lines [111,133,134]

and other renal cell lines [6,133], and suggest the presence of mechanisms for a

tight control of intracellular Cl- in model neuronal cells.

In conclusion, I have shown that LSSmClopHensor can be used to quantify simul-

taneously intracellular pH and Cl- concentration in cell lines. Using a red long

Stokes shift (LSS) FP and a chloride-sensitive green FP, we have successfully de-

veloped a new genetically encodable chloride biosensor, LSSmClopHensor. We

proved that a single excitation band is sufficient to optimally excite both green
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and red FP and exploit the ratio between their emissions for measuring intra-

cellular Cl-. The use of LSS FP in FRET-based biosensors will prove useful in

the development of future biosensor, which will avoid biases in FRET efficiency

calculations generated by changes in intracellular pH.
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ABSTRACT: Ion homeostasis regulates critical physiological processes in
the living cell. Intracellular chloride concentration not only contributes in
setting the membrane potential of quiescent cells but it also plays a role in
modulating the dynamic voltage changes during network activity. Dynamic
chloride imaging demands new tools, allowing faster acquisition rates and
correct accounting of concomitant pH changes. Joining a long-Stokes-shift
red-fluorescent protein to a GFP variant with high sensitivity to pH and
chloride, we obtained LSSmClopHensor, a genetically encoded fluorescent
biosensor optimized for the simultaneous chloride and pH imaging and
requiring only two excitation wavelengths (458 and 488 nm).
LSSmClopHensor allowed us to monitor the dynamic changes of
intracellular pH and chloride concentration during seizure like discharges
in neocortical brain slices. Only cells with tightly controlled resting potential
revealed a narrow distribution of chloride concentration peaking at about 5 and 8 mM, in neocortical neurons and SK-N-SH
cells, respectively. We thus showed that LSSmClopHensor represents a new versatile tool for studying the dynamics of chloride
and proton concentration in living systems.

Electrochemical proton (H+) gradients represent a ubiq-
uitous source of energy in live cells. The chloride ion

(Cl−), the most abundant anion in organisms, controls pH
within cell compartments by shunting the effects of H+ charge
accumulation on membrane potential.1−3 The importance of
Cl− in cell functions was not fully recognized until recently, yet
Cl− and H+ play coordinated roles in physiological processes
including control of membrane potential,4 regulation of cell
volume,5,6 growth and migration of neurons,7−9 and synaptic
signaling in both the depolarizing and hyperpolarizing
directions.10,11 Intracellular Cl− concentration is tightly
regulated by the interaction of energy-dependent transporters
with passive-diffusion channels so that a gradient of varying
intensity over time is established across the plasma
membrane.12 Cl− homeostasis is of high significance in the
physiopathology of many human diseases such as cystic fibrosis,
myotonia, epilepsy, lysosomal storage diseases,13 and neuro-
developmental disorders14 including autism,15 fragile X
syndrome,16 and Down syndrome.17 Therefore, understanding

the regulatory mechanisms of Cl− homeostasis is of
fundamental importance.
Development of experimental noninvasive meansmainly

optogeneticsto monitor and manipulate intracellular Cl− in
live cells is a flourishing field with a growing number of
different approaches reported in the recent literature.18−20 The
measurement of Cl− in living cells has experienced an
extraordinary development following the adoption of methods
based on imaging techniques. Organic fluorescent dyes and
later genetically encoded fluorescent proteins (FP) replaced the
use of ion-selective electrodes.21,22 It was the discovery of Cl−

sensitivity of yellow fluorescent protein (YFP)23 which
triggered this intense development. Combining two fluores-
cence proteins with distinct colors into a single construct,
ratiometric biosensors were developed with the advantage of
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being free from the influence of local probe concentration,
thickness of the specimen, light scattering, illumination
intensity fluctuation, and photobleaching.24 Chloride biosen-
sors can be based on the fluorescence resonance energy transfer
(FRET) between a CFP variant and a chloride-binding YFP
variant; in this case, they are ratiometric in emission.24−26

Unfortunately, FRET-based Cl− measurements are biased by a
strong pH dependencypresent in all the YFP and GFP
variants adopted in chloride-sensing applicationsof both the
Cl− binding affinity and the emitted fluorescence.27 Precise Cl−

measurements require therefore independent estimation of the
intracellular pH28,29 or, alternatively, the simultaneous measure-
ment of intracellular Cl− and pH combined into a single
construct.30 On the basis of the pH and Cl− independent
fluorescence of DsRed-monomer, ClopHensor prevents the
intricate pH dependency of FRET signals and provides both a
chloride-independent ratiometric measurement of the intra-
cellular pH and an accurate measurement of the intracellular
Cl− concentration. ClopHensor is ratiometric in excitation and
requires, for its operation, sequential illumination with three
wavelengths to excite the pH isosbestic point at exactly 458 nm,
the green anionic form at about 488−500 nm and the red
component at about 540−560 nm. The requirement of three
excitation wavelengths limited the use of ClopHensor to

dedicated setups despite the increasing interest in accurate
mapping of Cl− fluxes in the dendritic tree and cell body of
neurons in an intact brain both under physiological
conditions31,32 and in animal models of neuronal disorders.33,34

To simplify setup requirements and allow a wider adoption
of quantitative chloride imaging with the correct analysis of
concomitant pH changes, we reasoned whether it was possible
to substitute DsRed-monomer with a FP with a large (>100
nm) Stokes shift. Red fluorescence proteins with a large
distance between excitation and emission maxima could allow
the ratiometric operation using a single excitation wavelength
that is optimal for both the green and red proteins. Here, we
tested LSSmKate235,36 as a partner of E2GFP, a GFP variant
that contains a highly specific Cl− binding site.37 We named the
new biosensor LSSmClopHensor and demonstrated its ability
to perform dynamic measurement of concomitant changes of
intracellular H+ and Cl− concentration in neurons.

■ RESULTS AND DISCUSSION
Development of LSSmClopHensor. LSSmKate2 shows

favorable properties to replace DsRed-monomer in ClopHen-
sor. LSSmKate2 excitation maximum at 460 nm matches the
E2GFP isosbestic point at 458 nm30,38 (Supporting Information
Figure S1); compared to DsRed-monomer, LSSmKate2 shows

Figure 1. Spectroscopy characterization of purified LSSmClopHensor. (a) Schematic representation of LSSmClopHensor. Monomer LSSmKate2
dimensions are derived from structural data (PDB code: 3nt3). (b) Excitation spectra at pH values 5.59, 6.01, 6.40, 6.71, 7.12, 7.54, 7.98, 8.42, and
8.72 (color coded from red to blue in the direction indicated by the arrow). Emission wavelength set at 520 nm, [Cl−] = 0 mM, and temperature at
37 °C. The presence of a single isosbestic point was unambiguously identified at 458 nm. (c, d) Emission spectra collected at the same pH values,
from 5.59 to 8.72; excitation wavelength set at 488 (in c) and 458 (in d) nm, [Cl−] = 0 mM, and temperature at 37 °C. Color-shaded areas represent
the spectral bands used in the analysis. (e) pH ratio values calculated after integration of emission spectra from 500 to 550 nm (shaded spectral range
in c and d). Fitting curve was drawn using eq 2 in Methods and the following best fit parameters: RA = 0.41 ± 0.03, RB = 2.66 ± 0.04, and pKa = 6.86
± 0.03. (f) 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−]. (g) Chloride ratio values corresponding to the data and
spectral ranges reported in f. Fitting curve was drawn using eq 3 in Methods and the following best fit ± SD (from fit) parameters: RCl

0 = 1.12 ± 0.06
and Kd = 33.6 ± 5.0 mM.
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faster maturation rate and higher pH stability (pKa = 2.7) with
unaltered brightness.
To examine whether the fluorescence of LSSmKate2 was also

stable over changes of Cl− concentration, we purified
recombinant LSSmKate2 from bacterial lysate and measured
fluorescence properties. Emission spectra collected in a wide
range of Cl− concentration (from 0 to 1 M) and pH values
(from 5.2 to 8.4) resulted in being superimposed (Supporting
Information Figures S2 and S3), indicating high Cl− stability
over a wide pH range. Using recombinant LSSmKate2, we also
surveyed its brightnessas the product of absorption and
quantum yieldrelative to E2GFP and obtained a value of 0.57
± 0.05 (Supporting Information Figures S4 and S5), a
substantial improvement over the corresponding value of 0.13
for DsRed-monomer,39 which should lead to numerically more
stable ratio calculation. Motivated by the large Stokes shift and
the high pH and Cl− stability of LSSmKate2, we then decided
to replace the DsRed-monomer with LSSmKate2 and generate
LSSmClopHensor, a new chimeric protein linking E2GFP with
LSSmKate2 (Figure 1a). We expressed and purified recombi-
nant LSSmClopHensor to check whether the chimeric protein
conserved the fluorescence properties E2GFP. The excitation
wavelength (isosbestic point) that produces a pH-independent
fluorescence intensity was present in the same position of
E2GFP (Figure 1b). Therefore, excitation of LSSmClopHensor
at 458 nm shall continue to provide the pH-independent
fluorescence signal, which turned out convenient for the
simultaneous ratiometric measurement of pH and Cl−

concentration.30 We performed a pH titration of recombinant
LSSmClopHensor in the range from 5.6 to 8.7. The ratio
(488:458) of the emission spectra integrated from 500 to 550
nm and collected using excitation bands peaking at 488 nm
(Figure 1c) and 458 nm (Figure 1d) defined the RpH ratio
(Figure 1e). Notably, the RpH ratio is not affected by changes in
Cl− concentration, follows a single site binding curve (Methods,
eq 2), and thus allows for accurate pH measurements
independently of Cl− and LSSmClopHensor concentrations.
We then calculated the emission ratio RCl between the green

(from 500 to 550 nm) and red (from 580 to 640 nm)
fluorescence at increasing Cl− concentrations using a single
excitation band (Figure 1f). An increasing amount of Cl−

quenched the green fluorescence because of the static
quenching mechanism that regulates Cl− binding to the
E2GFP moiety. Red fluorescence instead remained constant
thanks to the chloride-independent fluorescence of LSSmKate2.
Overall, chloride titrations at various pH values demonstrated a
high sensitivity for Cl− within the physiological pH range
(Figure 1g and Supporting Information Figure S6). Finally, we
investigated the ion shield effects on our measurements. In the
cellular environment, in fact, biological processes produce
continuous changes of the local ion concentrations, which can
prevent correct pH measurements by altering the apparent pKa
of the sensor.40,41 We measured the apparent pKa of
LSSmClopHensor at increasing ionic strength and observed
only a slight decrease, from 6.74 ± 0.02 to 6.57 ± 0.04, when
moving from low (1 mM) to high (2 M) salt concentration
(Supporting Information Figure S7). This assured us that
LSSmClopHensor can report intracellular pH accurately even
in the presence of the largest physiological changes of ion
concentration.
Chloride Imaging in Live Cells. We first expressed

LSSmClopHensor in human embryonic kidney 293 (HEK293)
and in human neuroblastoma (SK-N-SH)42,43 cells. Protein

expression showed a uniform distribution pattern within all cell
compartments without observable aggregates for both cell lines
as well as for differentiated SK-N-SH cellsadopting neuronal-
like phenotype (Supporting Information Figures S8−S10). By
ionophore clamping cells at values encompassing a wide range
of pH and Cl− concentrations, we performed an in situ
calibration. Two excitation wavelengths, 488 and 458 nm, and
two emission bands, green and red, provided the three channels
(cyan, green, and red) required for ratio analyses (detailed in
Methods). Global fitting (Methods, eq 2) of RpH values
obtained from both cell lines provided a unique pH calibration
curve (Figure 2a). Instead, Cl− calibration could not be

Figure 2. pH and chloride imaging calibration in cells. (a) Green-to-
cyan RpH ratio values vs pH for LSSmClopHensor expressed in
HEK293 (black circles) and SK-N-SH (red squares) cells. The global
fitting curve was drawn for the two data sets using eq 2 in the Methods
and the following best fit parameters: RA = 2.75 ± 0.11, RB = 10.2 ±
0.3, and pKa = 6.89 ± 0.06. Error bars are cell-to-cell standard
deviation (N = from 20 to 25 cells). (b) Cyan-to-red RCl ratio values vs
Cl− concentration for LSSmClopHensor expressed in HEK293 cells at
the pH values of 5.54, 6.15, 6.62, 7.35, 7.56, and 7.90, in the direction
indicated by the arrow. Fitting curves were drawn using eq 3 in the
Methods. (c) Cl− dissociation constant Kd, determined as exemplified
in b, vs pH for LSSmClopHensor expressed in HEK293 (black circles)
and SK-N-SH (red squares) cells. A fitting curve was drawn using eq 1
with the following best-fit parameters: pKa = 6.64 ± 0.12 and chloride
Kd = 14.27 ± 3.5 mM. Error bars represent the best fit uncertainties.
(d) RCl

0 of HEK293 (black circles) and SK-N-SH (red squares) cell
lines clamped at various pH values and [Cl−] = 0 mM. Error bars
represent the best fit uncertainties. (e) Representative pH maps of
HEK293 cells clamped at [Cl−] = 0 mM and various pH values. (f)
Representative [Cl−] maps of HEK293 cells clamped at pH = 6.6 and
various [Cl−] values. (g) Distributions of pH values corresponding to
cells reported in e. (h) Distributions of [Cl−] values corresponding to
cells reported in f.
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parametrized into a single reference curve, because chloride Kd
of GFP-based biosensor is strongly pH-dependent.22 Using the
single 458 nm excitation, we acquired RCl values in HEK293
(Figure 2b) and in SK-N-SH (Supporting Information Figure
S11) cells at increasing amount of Cl− concentration for various
pH values. By fitting LSSmClopHensor Cl− titration with eq 3,
we determined the dependence of chloride Kd on pH, which
can be modeled according to the cooperative binding of H+ and
Cl− to E2GFP-based biosensors30,37 as follows.

= + −

−K K(pH)
1 10

10

K

Kd d
1

p pH

p pH

a

a (1)

where Kd
1 is the Cl− dissociation constant of the fully

protonated form of LSSmClopHensor; an intrinsic property
of the sensor that together with the pKa characterize the
binding equilibria of LSSmClopHensor in solution. Using data
from both cell lines for a global fit, we obtained a reference
function for the dependence of the chloride Kd on pH (Figure
2c). Finally, the last parameter required by our calibration
scheme was the setup dependent parameter RCl

0 , estimated by
clamping cells at [Cl−] = 0 mM. We recorded RCl

0 values in a
wide pH range for both cell lines and obtained a weighed
average value of 1.03 ± 0.19 (Figure 2d). Following the
determination of three setup-dependent (RCl

0 , RA, and RB) and
two LSSmClopHensor intrinsic (pKa = 6.64 ± 0.12 and Kd

1 = 14
± 3 mM) parameters, the following operational order settled
pH and Cl− concentration maps: for each pixel of segmented
cells, (1) we assigned a pH value using the measured RpH value
and the pH calibration curve in Figure 2a; (2) then we
calculated a chloride Kdvalue using eq 1; and finally (3), we
assigned a Cl− concentration value using the measured RCl
value and eq 3 (Figure 2e and f). The narrow pixel-by-pixel
distribution reveals the precision of LSSmClopHensor for pH
and Cl− measurements (Figure 2g and h).
We next investigated how the Cl− is distributed both in

cellular compartments and from cell to cell. We performed
direct measurements of intracellular Cl− concentration and pH
in model neuronal SK-N-SH cells under physiological
conditions (Figure 3). Distribution of Cl− concentrations was
narrow in SK-N-SH cells, peaking at 8.0 ± 4.1 mM (mean ±
SD, N = 37). On the contrary, we observed a broader
distribution of intracellular Cl− concentration in HEK293 cells
(24 ± 12 mM, N = 44). Intracellular pH values were 7.17 ±
0.13 (mean ± SD, N = 37 cells) and 7.29 ± 0.18 (N = 44 cells)
for SK-N-SH and HEK293 cells, respectively. Our finding
showing a lower Cl− concentration in SK-N-SH than in
HEK293 cells is in agreement with intracellular Cl− values
reported for neuronal cell lines21,44,45 and other renal cell
lines,21,46 and suggests the presence of mechanisms for a tight
control of intracellular Cl− in model neuronal cells.
Dynamic Chloride Imaging in Neocortical Brain Slices.

Last, we extended the use of LSSmClopHensor to monitor
dynamic changes of Cl− and H+ concentration in neocortical
neuron networks in ex vivo preparations. Electroporation in
utero was performed in Sprague−Dawley rats at embryonic day
17 targeting progenitors of pyramidal neurons committed to
layers II/III of the cortex. LSSmClopHensor showed a
sustained and uniform expressiondriven by the CMV early
enhancer/chicken β actin (CAG) promoterin the target
neurons (Figure 4a; Supporting Information Figures S12).
Neuronal somas and processes were imaged while perform-

ing synchronous electrophysiological recordings of local field

potentials (LFP). We monitored pH and Cl− concentration in
real time during spontaneous and induced epileptic seizure like
discharges (SLDs). Epileptiform activity was induced with 4-

Figure 3. LSSmClopHensor measures physiological changes in
intracellular pH and Cl− concentrations. (a) Representative pH map
for SK-N-SH cells. The insets show the distribution (pixel-by-pixel) of
pH values for the highlighted cells. (b) Representative [Cl−] map for
SK-N-SH cells. (c) Cell-by-cell distribution of pH with values for SK-
N-SH cells (top) and HEK293 cells (middle) represented with
histograms and kernel density estimate curves. Black (HEK293) and
red (SK-N-SH) lines were drawn from the best fit to a Gaussian
distribution. Comparison of the cumulative distribution functions for
the examined cell populations (bottom) indicated that the average pH
of SK-N-SH cells is distributed in a range of significantly (p = 0.005 in
a Kolmogorov−Smirnov test for statistical difference in distributions)
smaller pH values. Two-sided t test indicated an average pH
significantly different between the cell lines (p = 0.0009; and using
Welch’s t test p = 0.0007 for different sample variances). (d) Cell-by-
cell distribution of [Cl−] values for SK-N-SH cells (top) and HEK293
cells (middle) represented with histograms and kernel density estimate
curves. Black (HEK293) and red (SK-N-SH) lines were drawn from
the best fit to a Gaussian distribution. Comparison of the cumulative
distribution functions for the examined cell populations (bottom)
indicated that the distribution of intracellular Cl− concentration was
significantly different between SK-N-SH and HEK293 cells (p = 1.6 ×
10−10 in a Kolmogorov−Smirnov test between distributions).
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aminopyridine (4-AP; 50−100 μM), reduced Mg2+ (0.5 mM),
and local NMDA brief applications as previously reported.47−49

A total of seven somas and 14 dendrites were imaged during
successive SLDs from nine slices. Figure 4 shows a typical
experiment with the pH and Cl− concentration calculated in a
neuronal dendrite during five consecutive SLDs. Data showed
an initial pH value close to 7.15 and a Cl− concentration below
5 mM, in accordance with values from the SK-N-SH cells and
from neurons.44 SLDs produced an alteration in the fluxes of
H+ and Cl− at the plasma membrane, causing an intracellular
acidification and Cl− accumulation in the imaged neurons. This
observation, in line with previously reported data,29,44,50

pointed out the power of LSSmClopHensor for intracellular
pH and Cl− concentration measurements in ex vivo brain tissue.
We measured changes of intracellular pH and Cl− concen-

tration during different SLDs. We calculated pH decreases of
(mean ± SD, N = 21 recordings from nine biological replicates)
0.31 ± 0.06 and Cl− concentration increases of 8.9 ± 3.8 mM
(Figure 4).
Overall, our data revealed that, compared to current methods

to measure intracellular Cl−, LSSmClopHensor represents a
substantial advancement in several regards. Current electro-
physiological methods provide only indirect estimates of Cl−

concentrations by measuring the reversal potential; they are
invasive and difficult to use in vivo. Noninvasive chemical
indicators have been widely used to measure Cl− homeostasis,
but their loading in living cells is difficult and is retained within
the cells for only brief periods.51 On the contrary, biosensors,
which currently are all based on GFP variants with high affinity
for Cl−, can be targeted to specific subcellular compartments
and permanently retained within cells. The broadly used
Clomeleon24 and improved variants are all based on the FRET
occurring between a cyan donor and a chloride-sensitive
acceptor YFP. Therefore, local pH changes impair their
accuracy by altering the Cl− affinity of the YFP moiety as
well as the FRET efficiency. Changes in pH indeed affect the
brightness of donors and acceptors, and thus make it difficult to
predict the effect on the efficiency of the FRET process.52 In
neuronal cells, Cl− fluxes are closely linked to the pH changes
caused by the opening of GABA and glycine receptors
generating activity-dependent fluxes of bicarbonate.50,53 For
this reason, all Clomeleon-derived biosensors need independ-
ent means to correct measured Cl− concentration for
concomitant pH variations. Unfortunately, this also applies to
the recently developed SuperClomeleon, optimized for
improved Cl− affinity and signal-to-noise in cells.26 On the
contrary, LSSmClopHensor allows for precise quantification of
intracellular Cl− by measuring and removing pH bias on a cell-
by-cell basis like the original ClopHensor. Furthermore,
ClopHensor expression in neural cells can result in highly
heterogeneous intracellular red aggregates, probably, as a
consequence of DsRed aggregation in the cytosol and
subsequent transport into lysosomes.54 This problem has
been recently circumvented by the substitution of DsRed with
tandem dimer tomato (tdTomato), a bright dimer (66 kDa)
red fluorescence protein, and the generation of ClopHen-
sorN.44 LSSmClopHensor maintains the same size of the
original ClopHensor by using a monomeric red FP. Moreover,
LSSmClopHensor allows for faster than ClopHensorN
acquisition rates, thanks to the use of a single pH-independent
excitation wavelength (458 nm) to measure Cl− concentration.
Thus, the Cl− ratio of LSSmClopHensor is also free from the
biases resulting from intensity fluctuations in the excitation light
source, an advantage that up to now was recognized only in
sensors ratiometric in emission like Clomeleon.

Conclusions. Using a red long Stokes shift (LSS) FP and a
chloride-sensitive green FP, we have successfully developed a
new genetically encodable chloride biosensor, LSSmClopHen-
sor. We proved that a single excitation band is sufficient to
optimally excite both green and red FP and exploit the ratio
between their emissions for measuring intracellular Cl−. The
use of LSS FP in FRET-based biosensors will prove useful in
the development of future biosensors, which will avoid biases in
FRET efficiency calculations generated by changes in intra-
cellular pH.
We have shown that LSSmClopHensor can be used to

quantify simultaneously intracellular pH and Cl− concentration
in cell lines. Next, we were able to monitor the dynamic

Figure 4. pH and chloride imaging and simultaneous LFP recording
during epileptiform activity. (a) Fluorescence images of pyramidal
neurons in layer II/III of temporal cortex expressing LSSmClopHen-
sor showing E2GFP emission (green), E2GFP emission with excitation
at isosbestic point (cyan), and LSSmKate2 emission (red). Scale bar
10 μm. (b) Measurements of Cl− concentration (blue trace) and pH
(red trace) changes over time from a neuronal dendrite expressing
LSSmClopHensor. The black trace displays the LFP of five
consecutive SLDs recorded during the imaging session. Cl−

concentration and pH values were recorded with a time interval of
990 ms and calculated as reported in the Methods. (c) Spectrogram of
the recorded LFP representing the dominant frequency during
epileptic activity. (d) Zoomed traces from the second SLD of panel b.

ACS Chemical Biology Articles

DOI: 10.1021/acschembio.6b00103
ACS Chem. Biol. XXXX, XXX, XXX−XXX

E



changes of intracellular Cl− (accumulation) and pH (acid-
ification) during epileptiform activity in ex vivo cortical brain
slices. Thus, we expect LSSmClopHensor to have wide use in
imaging studies, in ex vivo and potentially also in in vivo,
investigating the role of Cl− and H+ in the cellular physiology
and physiopathology.

■ METHODS
DNA Constructs and Cloning. The nucleotide sequence for

LSSmKate2, fused at the N-term to the polypeptide linker
“ASGGGGGLVPRGSASGA,” was codon-optimized for expression in
mammalian cells using the OptimumGene algorithm (GenScript, Inc.)
and cloned into the pUC57 plasmid between BamHI and XbaI unique
restriction sites (see Supporting Information). The mammalian
expression vector pcDNA3-LSSmClopHensor was obtained by
subcloning the BamHI-XbaI fragment into pcDNA3-ClopHensor
(Addgene #25938) to replace DsRed-monomer. The bacterial
expression vector pET21-LSSmClopHensor was obtained by PCR
amplification from pcDNA3-LSSmClopHensor using the primers
NheI-E2-fw (5′-CTAGCTAGCGTGAGCAAGGGCGAGGA-3′) and
XhoI-LSS-rv (5′-CCGCTCGAGGCGATGGCCCAGCTT-3′) for
insertion into the multiple cloning site of pET21b vector (Novagen).
Digestions with NheI and XhoI restriction enzymes were performed
following the manufacturer’s instructions (New England Biolabs). The
bacterial expression vector for LSSmKate2 was prepared according the
following procedure: the sequence encoding LSSmKate2 was PCR-
amplified from the pUC57-E2GFPLSSmKate2 plasmid using primers
NheI-LSS-fw (5′-CTAGCTAGCGTGAGCGAACTGATTAAGGAG-
3′) and XhoI-LSS-rv (5′-CCGCTCGAGGCGATGGCCCAGCTT-
3′). The insert was digested with NheI and XhoI restriction enzymes
following the manufacturer’s instructions (New England Biolabs).
Spectroscopy Analysis of Proteins in Vitro. Recombinant

LSSmClopHensor and LSSmKate2 were expressed in the E. coli BL21
(DE3) strain (Invitrogen) and purified by His-tagged affinity
chromatography. Starter cultures were grown overnight in LB Broth
(Sigma-Aldrich) containing 100 mg mL−1 of ampicillin (Sigma-
Aldrich) at 37 °C. Bacterial cultures were pelleted 24 h after induction
with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG; Sigma-
Aldrich) at 30 °C. Purification by affinity was carried out using HIS-
Select Cartridges (Sigma-Aldrich) following the manufacturer’s
instructions and collecting elution in 2 mL fractions. Chloride-free
buffers were used in all the chromatography steps ensuring the absence
of Cl− from all preparations. If necessary, protein preparations were
concentrated using centrifugal filter devices (Amicon Ultra-15,
Millipore)
Absorption spectra were recorded using a steady-state spectropho-

tometer (model V-550 UV/vis, Jasco, Inc.) equipped with a
temperature-controlled cell holder. Fluorescence steady-state data
were measured using an EnSpire spectral scanning multimode reader
fluorometer (PerkinElmer) with 96-well black bottom plates
(PerkinElmer, catalog # 6005279). The temperature was set at 20
and 37 °C, and the well volume was kept at 300 μL. Fluorescence
intensities were collected with 100 flashes. Emission spectra were
realized with an excitation wavelength of 458 or 488 nm. Excitation
spectra were recorded with an emission wavelength of 520 nm.
Excitation and emission bandwidths were both set at 10 nm.
Fluorescence spectra for pH titration were collected at 37 °C using
a Fluoromax-4 fluorescence spectrophotometer (Horiba) with
excitation and emission bandwidths set at 5 nm.
pH and Chloride Imaging Analysis. The combined pH and

chloride ratio analysis was based on the acquisition of three
fluorescence signals: a cyan channel with excitation at 458 ± 10 nm
and emission at 525 ± 25 nm, a green channel with excitation at 482 ±
18 nm and emission at 525 ± 25 nm, and a red channel with excitation
at 458 ± 10 nm and emission at 610 ± 30 nm. For the calculation of
Cl− concentration and pH values, two ratios were defined: RCl as red-
over-cyan and RpH as green-over-cyan. Ratio imaging analysis was
performed as previously described30 with the difference that no
correction for fluctuation in the excitation intensity was required in

this study, because a single light source (xenon lamp or argon laser)
was used with a three-channel (cyan, green, and red) image acquired
within brief intervals (1−2 s). Briefly, to estimate the pKa of
LSSmClopHensor from pH titration data, we used the following
equation:
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where RA and RB are the plateau values for RpH at acidic and basic
conditions, respectively. To estimate Kd from Cl− titration data, we
used eq 3
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−] = 0, a pH-independent and
setup-dependent parameter. Accordingly, pH and Cl− concentration
maps were computed pixel-by-pixel using respectively eqs 4 and 5.
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To remove bleed-through in every channel, we calculated the
intensity ratio of bleed-through in every emission channel using
E2GFP and LSSmKate2 proteins separately in independent experi-
ments and varying intracellular pH in the range from 5.2 to 7.9
(Supporting Information Figures S13 and S14 and Table S1). The
resulting images, corrected for bleed-through, were then used to
perform ratio analysis.

Fluorescence Microscopy and Image Analysis. Images from
cultured cells were recorded using a wide field microscope (iMIC, Till
Photonics). Specimens were sequentially excited using a high stability
150 W xenon lamp (Oligochrome, Till Photonics) equipped with a
fast filter switching device and the two required excitation filters:
FF02-482/18-25 (Semrock) and the laser cleanup filter z 458/10x
(Chroma). A dual band dichroic mirror Di01-R488/561 (Semrock)
was hosted in the filter cube. Emitted fluorescence was collected from
1.2 NA, using a 60× water immersion objective, and split (at about
560 nm) into green and red channels using a single band dichroic
mirror (FF560-Di01, Semrock) mounted into a dichrotome device
(Till Photonics). The split channels were then simultaneously
projected onto half of the electron multiplied charged-coupled device
(Ixon Ultra 897; Andor Technologies). The three channels required
by ratiometric analysis were thus recorded alternating between two
excitation filters. Imaging of rat cortical brain slices was performed
using a confocal laser scanning microscope (TCS SP5-RS, Leica) with
a time frame acquisition of 0.995 s (seven line average). Excitation
wavelengths were sequentially switching between 458 an 488 nm;
emission bands were set from 498 to 560 nm and from 560 to 720 nm
for the green and red channels, respectively. The setup was also
equipped with a CCD camera for differential interference contrast
images. All experiments were performed in layer II/III.

Image processing was performed using custom Fiji macros. Images
were filtered with Gaussian filter (sigma = 1.5). Mean background
fluorescence was measured in empty regions and subtracted to all
images. Images were semiautomatically segmented on the basis of pixel
intensity using the isodata algorithm (getAutoThreshold method).
Masked images were then used to discriminate regions of interest
(cells) and prevent artifacts arising from dividing background by
background values.

Cell Culture and Calibration. HEK 293 cells and SK-N-SH cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Sigma-Aldrich) supplemented with 10% Fetal Bovine Serum (FBS;
Sigma-Aldrich), 2 mM L-glutamine (Sigma-Aldrich), 100 U/mL
penicillin (Sigma-Aldrich), and 100 mg/mL streptomycin (Sigma-
Aldrich) in a humidified 5% CO2 incubator at 37 °C. All cells were
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transfected using Effectene reagent (Qiagen) following manufacturer
protocol. For differentiation, SK-N-SH cells were seeded to a
confluence of approximately 30% in DMEM supplemented with 5%
FBS, 2 mM L-glutamine, 100 U/mL penicillin, 100 mg mL−1

streptomycin, and 10 μM retinoic acid (Sigma-Aldrich). The medium
was changed every 2 days adding fresh retinoic acid. Differentiation
was usually completed in 6 to 8 days when cell soma assumed a
fusiform to triangular shape and elongation of slender neuritic
processes was observed.55 For SK-N-SH cell transfection, the
manufacturer protocol was adapted as follows: we doubled the
amount of DNA and incubated transfection cocktail overnight in
DMEM containing FBS (5%) and retinoic acid (10 μM).
Calibration in cells was realized as previously described.30 The

desired [Cl−] and pH were controlled by equilibrating extra- and
intracellular ion concentrations using the K+/H+ exchanger nigericin
(5 μM), the protonophore carbonyl cyanide p-chlorophenylhydrazone
(CCCP; 5 μM), the K+ ionophore valinomycin (5 μM), and the Cl−/
OH− exchanger tributyltin chloride (10 μM) in the presence of high-
K+ 20 mM HEPES buffer containing 0.6 mM MgSO4, 38 mM sodium
gluconate, and 100 mM potassium gluconate. A specified amount of
gluconate anion was replaced by Cl−; pH was adjusted with aliquots of
NaOH. To avoid CO2-dependent pH shifts during calibrations, cells
were maintained in a CO2-free atmosphere at 37 °C. Medium was
replaced with proper buffer and changed five times every 2 min to
ensure stabilization of intracellular ionic concentrations.
Brain Slice Preparations and in Utero Electroporation. All

experiments involving animals were carried out in strict accordance
with the guidelines established by the European Communities Council
Directive and approved by the National Council on Animal Care of
the Italian Ministry of Health. The number of animals used was
reduced to the minimum necessary for an adequate statistical analysis.
Coronal cortico-hippocampal slices were prepared from postnatal

day 16−22 electroporated Wistar rats. Briefly, rats were deeply
anesthetized with intraperitoneal injected Zoletil (40 mg/kg; Virbac).
After decapitation, the brain was removed and transferred to an ice-
cold cutting solution containing (in mM): NaCl, 120; KCl, 3.2;
KH2PO4, 1; NaHCO3, 26; MgCl2, 2; CaCl2, 1; glucose, 10; Na-
pyruvate, 2; and ascorbic acid, 0.6 at pH 7.4 (with 5% CO2/95% O2).
Coronal slices were obtained by using a Leica vibratome VT1000S in
the presence of the ionotropic glutamate receptor inhibitor kynurenic
acid (2 mM). Slices were recovered for 20 min at 32 °C and then kept
at RT.
Standard in utero electroporation of layer II/III of the

somatosensory cortex was performed as previously described.56 Briefly,
E17 timed-pregnant Sprague−Dawley rats were anesthetized with
isoflurane (induction, 3.5%; surgery, 2.5%), and the uterine horns were
exposed by laparotomy. The day of confirmation of vaginal plug was
defined as E0, and the day of birth was defined as P0. The DNA
(0.15−1.5 μg/μL in water) together with the dye Fast Green (0.3 mg
mL−1; Sigma) was injected (5−6 μL) through the uterine wall into one
of the lateral ventricles of each embryo using a 30G needle (Pic
indolor). The embryo’s head was carefully held between tweezer-type
circular electrodes (10 mm diameter; Nepa Gene) that were wet with
PBS while held across the uterine wall. For the electroporation
protocol, five electrical pulses (amplitude, 50 V; duration, 50 ms;
intervals, 150 ms) were delivered with a square-wave electroporation
generator (CUY21EDIT; Nepa Gene). After electroporation, the
uterine horns were returned into the abdominal cavity, and the
embryos were allowed to continue their normal development.
Electrophysiology and Induction of Epileptic Activity. Brain

slices were continuously perfused in a submerged chamber (Warner
Instruments) at a rate of 3−4 mL min−1 with (in mM): NaCl, 120;
KCl, 3.2; KH2PO4, 1; NaHCO3, 26; MgCl2, 0.5; CaCl2, 2; glucose, 10
at pH 7.4 (with 5% CO2/95% O2). Seizure-like events were evoked in
the presence of 4-AP (50−100 μM). The bath temperature was
maintained at 30−32 °C by an in-line solution heater and temperature
controller (TC-324B, Warner Instruments). A pressure ejection unit
(PDES, NPI Electronics) was used to apply a single or double pulse to
NMDA (1 mM, Sigma-Aldrich)-containing pipettes with a 3 s interval,
a pressure of 4−10 psi, and a duration of 200−600 ms. Typical pipet

resistance was 2−3 MΩ. The NMDA glass pipet included an AgCl2
electrode for extracellular local field potential recordings. Field
potential signals were filtered at 1 kHz, amplified by an AM-1800
amplifier (AM-systems), and sampled at 10 kHz with a Digidata 1440s
interface and pClamp software (version 10, Molecular Devices).
Spectrograms of local field potential recording were performed with an
algorithm written in Matlab (version R2008b) using logarithmic
wavelet windows.

Statistical Methods. Calibration parameters were defined by
global fitting to eq 2 and eq 3 using QtiPlot Software (http://www.
qtiplot.com). Statistical tests were performed using Scipy (http://
scipy.org). The reported P values were calculated using either the two-
sample Kolmogorov−Smirnov test for statistical difference in
distributions or the two-tailed Student’s t test. Cumulative frequency
distribution plots were prepared using Seaborn (http://stanford.edu/
mwaskom/software/seaborn).
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Figure 3.10: Residues affecting GFP protonation equilibria. 3D representation of key
residues determining GFP pKa.

Figure 3.11: LSSmKate2 excitation and emission spectra. Excitation and emission
spectra for recombinant LSSmKate2, respectively, at emission (605 nm) excitation maxima
(460 nm).
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Chapter 3. Biosensor protein engineering

Figure 3.12: Chloride dependence of LSSmKate2. Emission spectra of recombinant
LSSmKate2 collected at the [Cl−] values of 0, 250, 500, 750 and 1000 mM (pH=7.2) with
excitation wavelength set at 460 nm.

Figure 3.13: pH dependence of LSSmKate2. Emission spectra of recombinant LSSmKate2
collected at the pH values of 5.2, 6.2, 6.6, 7.0, 7.4, 7.6 and 8.4 ([Cl−]=0) with excitation
wavelength set at 460 nm.
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Figure 3.14: Spectroscopy characterization of purified LSSmClopHensor. (a)
Schematic representation of LSSmClopHensor. Monomer LSSmKate2 dimensions are de-
rived from structural data (PDB code: 3nt3). (b) Excitation spectra at pH values 5.59, 6.01,
6.40, 6.71, 7.12, 7.54, 7.98, 8.42 and 8.72 (color coded from red to blue in the direction
indicated by the arrow). Emission wavelength set at 520 nm, [Cl−] = 0 mM and tempera-
ture at 37°C. The presence of a single isosbestic point was unambiguously identified at 458
nm. (c, d) Emission spectra collected at the same pH values, from 5.59 to 8.72; excitation
wavelength set at 488 (in c) and 458 (in d) nm, [Cl−] = 0 mM and temperature at 37°C.
Color shaded areas represent the spectral bands used in the analysis. (e) pH ratio values
calculated after integration of emission spectra from 500 to 550 nm (shaded spectral range
in c and d). Fitting curve was drawn using [@Eq:rpH] in Methods and the following best fit
parameters: R A = 0.41 ± 0.03, R B = 2.66 ± 0.04 and pKa = 6.86 ± 0.03. (f) 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−]. (g) Chloride ratio values corresponding to the data
and spectral ranges reported in f. Fitting curve was drawn using [@Eq:rcl] in Methods and
the following best fit ± SD (from fit) parameters: R0

Cl = 1.12 ± 0.06 and Kd = 33.6 ± 5.0
mM.
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Figure 3.15: Effects of ionic strength on E2GFP pKa. E2GFP pKa values plotted vs. the
solution ionic strength �. pKa values were calculated from E2GFP emission spectra collected
at various pH values, generally from 5 to 9. The theoretical curse was drawn (solid line) using
the best-fit parameter pKa = 6.74 ± 0.02 (see Appendix). The apparent pKa of E2GFP
decreases moderately from 6.75 to 6.55 when ionic strength was increased from 0 to 1 M by
the addition of sodium sulphate (Na2SO4). Because the prototropic species involved in the
equilibrium own only few charges, the apparent pKa is poorly sensitive to salt concentration;
a great advantage for a fluorescent indicator.

Figure 3.16: LSSmClopHensor in SK-N-SH cells. Micrograph of SK-N-SH cells expressing
LSSmClopHensor. Green, cyan and red channel are left, middle and right panel, respectively.
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Figure 3.18: LSSmClopHensor calibration in SK-N-SH cells. Cyan to Red ratio (RC l)
values of E2GFP-LSSmKate2 expressed in SK-N-SH cells at the pH values of 4.85, 5.15,
5.56, 6.58, 6.87, 7.37 and 7.69 and chloride concentration from 0 to 1 M; best-fit curves are
overlaid to data points. Error bars display standard deviations.
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4
Intracellular chloride measurements

Intracellular chloride and pH are often co-modulated during activity and, since

they are fundamental regulators of neuronal excitability, they exert wide ranging

effects on synaptic plasticity and in disorders of the brain. The understanding

of their homeostasis requires simultaneous measurements in vivo in multiple

neurons by non-invasive tools.

Here, by exploiting the fluorescence properties of our sensors, I demonstrate

methods for the combined measurement of chloride and pH in models epilepsy

and glioblastoma diseases as well as in the mouse cortex in vivo.

My contribution to these work concerns the acquisition and analysis of fluores-

cence spectroscopy and microscopy data, the setting of transfection procedures
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and of the osmotic stress assay in primary cells, the analysis and quantification

of pH and Chloride traces in time-lapse and manuscript writing and editing.

4.1 Epilepsy model

The regulation of intracellular Chloride ([Cl-]i) is a crucial determinant of in-

hibitory neurotransmission in the brain. In adult neurons, the chloride Nerst

equilibrium is close to the resting membrane potential, and GABAergic activ-

ity plays its inhibitory role by inducing an inward chloride flux through Cl--

permeable GABAA receptors. This current hyperpolarizes the membrane poten-

tial, keeping neurons away from the potential required to activate depolarizing

conductances. In contrast, in the immature brain where GABA is the predom-

inant neurotransmitter, GABA behaves as a depolarizing and mostly excitatory

neurotransmitter. Indeed, in early development GABA exerts a key role in the

maturation of neuronal networks by supporting network excitability and promot-

ing the maintenance of spontaneous activity (ref). The importance of chloride

homeostasis is highlighted by the growing evidences that link anomalous [Cl]i

and the consequent impaired GABA-ergic transmission to a number of neurode-

velopmental disorders, including epilepsy, Down syndrome and autism.

This part of the work was conducted in collaboration with Dr. Laura Cancedda,

IIT Genova and Dr. Giorgio Carmignoto, Istituto Neuroscienze, CNR, Padova.

4.1.1 Dynamic chloride imaging in neocortical brain slices

Here, we extended the use of LSSmClopHensor to monitor dynamic changes of

Cl- and H+ concentration in neocortical neuron networks in ex vivo preparations.
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Electroporation in utero was performed in Sprague-Dawley rats at embryonic day

17 targeting progenitors of pyramidal neurons committed to layers II/III of the

cortex. LSSmClopHensor showed a sustained and uniform expression - driven by

the CMV early enhancer/chicken β actin (CAG) promoter - in the target neurons

(Fig. 4.1).
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Figure 4.1: LSSmClopHensor expression in mice. Neurons expressing LSSmClopHensor
after in-utero electroporation. The biosensor presented a homogeneous expression and co-
localization of the two fluorophores. Left panels show the green channel (E2GFP emission),
middle panels show the cyan channel (E2GFP emission with excitation at isosbestic point)
and right panels show the red channel (LSSmKate2 emission).

Neuronal somas and processes were imaged while performing synchronous elec-

trophysiological recordings of local field potentials (LFP). We monitored pH and

Cl- concentration in real time during spontaneous and induced epileptic seizure

like discharges (SLDs). Epileptiform activity was induced with 4-aminopyridine

(4-AP; 50-100 µM), reduced Mg2+ (0.5 mM) and local NMDA brief applications

as previously reported [135–137]. A total of 7 somas and 14 dendrites were im-

aged during successive SLDs from 9 slices. Figure 4 shows a typical experiment

with the pH and Cl- concentration calculated in a neuronal dendrite during 5

consecutive SLDs. Data showed an initial pH value close to 7.15 and a Cl- con-

centration below 5 mM, in accordance with values from the SK-N-SH cells and

from neurons [111]. SLDs produced an alteration in the fluxes of H+ and Cl- at the

plasma membrane, causing an intracellular acidification and Cl- accumulation

in the imaged neurons. This observation, in line with previously reported data

[43,111,138], pointed out the power of LSSmClopHensor for intracellular pH and

Cl- concentration measurements in ex vivo brain tissue. We measured changes

of intracellular pH and Cl- concentration during different SLDs. We calculated

pH decreases of (mean ± SD, N=21 recordings from 9 biological replicates) 0.31

± 0.06 and Cl- concentration increases of 8.9 ± 3.8 mM (Fig. 4.2).
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Figure 4.2: pH and chloride imaging and simultaneous LFP recording during epilep-
tiform activity. (a) Fluorescence images of pyramidal neurons in layer II/III of temporal
cortex expressing LSSmClopHensor showing E2GFP emission (green), E2GFP emission with
excitation at isosbestic point (cyan) and LSSmKate2 emission (red). Scale bar 10 µm. (b)
Measurements of Cl− concentration (blue trace) and pH (green trace) changes over time
from a neuronal dendrite expressing LSSmClopHensor. The black trace displays the LFP
of five consecutive SLDs recorded during the imaging session. Cl− concentration and pH
values were recorded with a time interval of 990 ms and calculated as reported in Methods.
(c) Spectrogram of the recorded LFP representing the dominant frequency during epileptic
activity. (d) Zoomed traces from the second SLD of panel b.

4.2 Chloride imaging using 2-photon microscopy in

vivo

The intracellular concentration of Chloride ([Cl]i) is regulated by the expression

of two cation Cl- cotransporters, NKCC1 and KCC2, which move Cl- in opposite

directions. Their expression is regulated during development: NKCC1 is abun-

dant in the pre and neonatal life, whereas KCC2 is mostly expressed in the adult

(ref). This developmental pattern is predicted to cause a shift in [Cl]i between

neonatal and adult brain but all available evidence have been obtained in slices

and cultures by indirect means and no direct demonstration of a developmentally

regulated change of [Cl]i has ever been provided. Given the ever increasing role

of Cl regulation on development and on the pathophysiology of the brain, a quan-

titatively sound imaging method for the measure of intracellular Cl is a clear and

present necessity. Furthermore, in vivo imaging not only allows to study different

cells separately, but to image chloride changes occurring in different subcellular

domains. Countless studies performed in vivo by two photon imaging have con-

tributed to transform radically our understanding of brain operation and synap-

tic plasticity: just like calcium fluxes indicate neuronal firing and integration of

excitatory inputs, chloride fluxes signal the activation of the ionotropic GABA

currents. Therefore, imaging of chloride changes could well represent a crucial
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tool to understand the dynamic arrangement of ionotropic inhibitory inputs on

neurons and their activity dependent plasticity.

It is surprising that, even if mice expressing the fluorescent Cl sensor Clomeleon

have been available for several years, there are no reports on chloride imaging

in vivo yet. Attempts in this direction may have been frustrated by some severe

difficulties that arise when converting the fluorescence data in chloride concen-

tration by using calibration data set.

Here, we transfected LSSmClopHensor in utero in mice embryo and chloride

imaging of layer 2/3 pyramidal neurons has been performed at various time after

birth. We determined that a major confounding effect is due to the wavelength

dependent scattering and absorption of both excitation and fluorescence that

prevents the straightforward application of the calibration data to the in vivo

data. We developed a quantitatively sound method to estimate and correct for

these effects and we obtained the first direct measure of the developmental switch

of intracellular chloride in vivo.

This part of the work was conducted in collaboration with Dr. Gian Michele Ratto,

Istituto Nanoscienze, CNR, Pisa.

4.2.1 Two-photon excitation spectra

First, we characterized the two-photon excitation spectra and its dependency on

pH and chloride. We performed the calibration of the purified sensor protein in

experimental aqueous solutions where we were able to control pH and chloride

concentration with great precision. Furthermore, given the free diffusion of the

protein in the imaging chamber, this set of high quality spectra is completely

unaffected by photobleaching and has optimal signal to noise ratio. Two-photon
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excitation spectra of purified LSSmClopHensor were collected by providing the

same number of photons at each wavelength (Fig. 4.3, panel A).

Figure 4.3: Raw excitation spectra of LSSmClopHensor and fluorescence bleed-
through between the acquisition channels. A) Spectra have been obtained from purified
protein in aqueous solution imaged under the two-photon microscope. Data have been
normalized at the value of the red fluorescence at 910 nm. The red fluorescence showed an
apparent dependency on pH. The symbols indicate the wavelengths at which the spectra have
been sampled and have been omitted in most traces for clarity. The non labelled spectra
of LSSmClopHensor have been obtained at pH values of 7.6, 7.4, 7.2, 7.1, 6.9, 6.8, 6.4.
B) Emission spectra of E2GFP and LSSmKate2 depend on the wavelength of two-photon
excitation. The green and red rectangles show the bandwidth of the emission filters of our
imaging setup (G: 525/70 nm, R: 607/45 nm). E2GFP shows only a modest change of the
emission spectrum which falls mostly inside the G detection channel. For clarity only the
extremes spectra (excitation 800 and 1000 nm) are shown. In contrast, LSSmKate2 shows
a drastic increase of fluorescence emitted in the G detection channel for wavelength shorter
than 850 nm. C) The bleed- through coefficients α and β have been derived by measuring
the fluorescence of each protein in the green and red channels. As expected from the emission
spectra β is quite constant while α has a strong dependency on excitation below 850 nm.

Similarly, we measured the two-photon excitation spectra of ClopHensor. The ex-

citation spectra of DsRed-monomer and E2GFP showed a poor overlap (Fig. 4.4),

thus preventing imaging both proteins at the same wavelengths.
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Figure 4.4: ClopHensor is not suitable for in vivo two-photon imaging. A) Two-photon
excitation spectra of ClopHensor after correction for bleed-through and normalization on the
DsRed signal. DsRed has very low fluorescence compared to LSSmKate2 and its excitation is
mostly restricted to wavelengths longer than 900 nm. B) The imaging of ClopHensor in vivo
shows the formation of red aggregates (arrowheads) which indicated a defective stoichiometry
of the sensor, at least in these regions. Calibration bar 20 �m.
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As expected, the spectra measured in the green channel strongly depended on

pH. The pH dependency was also observed in the red channel as a result of bleed-

through of the E2GFP emission. The entity of bleed-through was determined by

purifying separately the proteins composing the sensor (E2GFP and LSSmKate2,

see Supplementary Methods for details) and by measuring their fluorescence in

both emission channels (Fig. 4.3, panel B). These data provided the coefficients

α(λ) and β(λ) that describe the cross talk between the emission channels (Fig. 4.3,

panel C). The fluorescence of E2GFP and LSSmKate2 corrected for bleed-through

are given by the following system of linear equations:

G∗(λ) = Graw(λ) − α(λ)R∗(λ)

G∗(λ) = Rraw(λ) − β(λ)G∗(λ)
(4.1)

where Graw and Rraw indicate the fluorescence measured in the green and red

channels (after background subtraction and flat correction, see supplementary

methods) and G∗ and R∗ indicate the fluorescence that originates from E2GFP

and LSSmKate2, respectively. In order to compare the spectra obtained at dif-

ferent pH values we had to consider that different samples had slightly different

protein concentrations. Since the optical properties of LSSmKate2 were inde-

pendent on pH, we normalized each spectrum at the peak of R* and this nor-

malization is used from here onward. The excitation spectrum of LSSmKate2

was pH-independent after correction for bleed-through, while the E2GFP spectra

showed a well-defined isosbestic point at about 910 nm (Fig. 4.5, panels A and

B).
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Figure 4.5: Two-photon LSSmClopHensor spectroscopy. A) Schematic diagram of the
structure of the sensor. B) Two-photon excitation spectra of E2GFP and LSSmKate2 at
different pH. Data have been corrected for bleed-through and were normalized on the peak
of the LSSmKate2 emission. The excitation spectrum of LSSmKate2 is pH insensitive: the
inset shows the difference between the spectra obtained at pH 8, 7 and 6, with the mean
spectrum averaged on all pHs. The non labelled spectra of LSSmClopHensor have been
obtained at pH values of 7.6, 7.4, 7.2, 7.1, 6.9, 6.8, 6.4. C) Example of liner decomposition
of the spectrum obtained at pH 7.0 (green symbols) on the spectra obtained at pH 6.0 and
8.0 (red and blue thin lines respectively). The two components are represented by the thick
red and blue curves and the line running through the experimental points is their sum. D)
Symbols represent components of the linear decomposition for the set of calibration solutions
whose spectra are shown in panel B. The ratio between the components identifies the angle
�, that is specific to each value of pH. The error bars are contained within the symbol
size. E) Chloride determines the quenching of E2GFP fluorescence as shown by the loss
of fluorescence measured at the isosbestic point. The chloride Kd depends on pH because
chloride binds only the protonated form of LSSmClopHensor. Red and blue dashed lines are
calculated for pH 6.0 and 8.0, respectively.
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4.2.2 pH calibration

LSSmClopHensor was first used for the ratiometric determination of intracellular

pH. Ratiometric measurements, here presented, were usually performed by com-

puting the ratio of the fluorescence signal excited at two different wavelengths. It

is however possible to obtain a reliable measurement by sampling the excitation

spectra at several wavelengths. The excitation spectrum of LSSmClopHensor at

a given pH can be described as the linear combination of the protonated (G∗6.0)

and deprotonated (G∗8.0) spectra:

G∗pH (λ) = δG∗6.0(λ) + εG∗8.0(λ) (4.2)

This is a set of n equations where n is the number of sampled wavelengths. If

n=2 the system can be solved analytically according to the standard ratiometric

analysis. A larger set of excitation wavelengths provides a result that is less

sensitive to errors, but the system is overdetermined and there is no analytical

solution. δ and ε can then be determined by minimizing the sum of the residues

R defined as follows.

R =
n∑

i=1
(G∗pH (λi) − (δG∗6.0(λi) + εG∗8.0(λi)))2 (4.3)

The size of the residue is an important indicator of the quality of the fit. We

applied this procedure to the data set of Fig. 4.5, A. For each spectrum, the

minimum of R determined δ and ε (see Appendix??? for details). Fig. 4.5, B shows

the spectral decomposition of a spectral sequence. A calibration curve can be

obtained by the relationship between the polar angle (θ=atan(ε / δ), Fig. 4.5, panel

C) and the pH of the fitted spectra. The calibration is fitted with the following
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sigmoidal function.

θ = θL + θR − θL

1 + 10(pKa−pH)a (4.4)

Tbl. 4.1 shows the values of the fit parameters at three different temperatures.

Table 4.1: LSSmClopHensor pH and Cl calibrations.

24°C 31°C 36°C

pKa 6.88 ± 0.05 6.77 ± 0.05 6.67 ± 0.04

θL -6.53 ± 0.16 -8.44 ± 0.24 -12.22 ± 0.24

θR 93.34 ± 0.11 92.29 ± 0.12 91.97 ± 0.09

a 1.31 ± 0.01 1.34 ± 0.01 1.30 ± 0.012

r(0) 0.98 ± 0.03 1.04 ± 0.03 1.11 ± 0.03

The corresponding functions are reported in Fig. 4.6, B. This calibration was

repeated periodically in between in vivo experimental sessions and showed only

minimal changes.
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Figure 4.6: Dependency of LSSmClopHensor calibration on temperature. A) Excitation
spectra at pH 6.0 and pH 8.0 (peaks at about 840 nm and 960 nm respectively) for three
different temperatures as indicated in the labels. Notably, the temperature dependency is
different for the protonated and deprotonated spectra. The LSSmKate2 spectra experience
a slight fluorescence decrease with increasing temperature. B) Calibration curves for pH at
three different temperatures. The parameter θ is computed by the spectral decomposition
shown in Figure 1. C) Dependency of pKa and R 0 on temperature. The filled and empty
black symbols report the pK a measured at 2 and 1 photon excitation, respectively.

This calibration set provides correct results only if the sensor behaves identi-

cally in solution and in the cytoplasm, or if one can account for the difference

between solution and cellular environment. Since the optical properties of the

chromophore are affected by the surrounding cellular environment [139] we re-

peated the pH calibration in HEK293T cells in presence of ionophores to allow

equilibration of pH. Since the measured pHi was rather variable among cells

(Fig. 4.7, panel A), we used the median of the distribution to score the pH of each

data set. We observed that the spectroscopic estimate of pH was systematically

more acidic than the nominal value of the extracellular calibration media. These

data (Fig. 4.7, panel B) allowed the correction of the calibration by accounting

for the behavior of the sensor in the intracellular environment (Eq. 4.9).
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Figure 4.7: Calibration of LSSmClopHensor *in situ*. A) Effects of intracellular environ-
ment on LSSmClopHensor spectroscopy. HEK293T were transfected with LSSmClopHensor
and imaged in zero chloride solution in presence of ionophores to allow equilibration of pH
between cytosol and extracellular media. Each group of cells was imaged at 31°C in zero
chloride at the pH indicated by the arrow. Each distribution shows the dispersion of the
spectroscopic measure of intracellular pH at a given value of extracellular pH. The compar-
ison of these data with the pH of the extracellular solution (vertical arrows), suggests that
the spectroscopic readout performed with the reference spectra is systematically more acidic.
This must be due to differences of the sensor optical properties when it is placed in aqueous
solution or in the cellular environment. The difference between the observed and the ex-
pected pH values is used to produce the transformation that corrects the pH values obtained
with the spectra measured in calibration solutions. The figure contains data measured from
704 cells. B) The spectroscopic estimate of pH is shifted towards acidic values and has to
be corrected according to the empirical function shown here. Error bars (SE) are contained
within the symbol size.

4.2.3 Computation of intracellular chloride

E2GFP fluorescence is quenched upon chloride binding and, indeed, we found

that an increase of chloride concentration led to a fluorescence drop (Fig. 4.5,

panel D). The relationship between fluorescence change and [Cl]i is not straight-

forward: since E2GFP can bind to chloride only when it is in the protonated state,

only a fraction of the sensor fluorescence depends on chloride binding, and this

fraction depends on pH. This is summarized by the Eq. 1.2 with the chloride

affinity of the fully protonated form of E2GFP K0
d = 13.1 mM. Finally, the intra-

cellular chloride concentration was computed following the method described in

Sec. 1.5 with R0, the ratio between the fluorescence of E2GFP and LSSmKate2

measured at the isosbestic point and in the absence of Chloride is reported in
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Tbl. 1.1.

4.2.4 In vivo delivery of the LSSmClopHensor

To ensure a long-lasting expression in vivo, LSSmClopHensor was cloned in an

expression vector under the CAG promoter. Plasmids were electroporated in utero

in mouse at embryonic day 15.5 to transfect neuronal progenitors of pyramidal

cells committed to layers II/III of the visual cortex (Fig. 4.8, panels A and B).

Figure 4.8: Expression of LSSmClopHensor in vivo after in utero electroporation. A)
Two-photon wide field imaging of the visual cortex in a P32 mouse. The image is a maximum
projection of a 250 �m stack obtained with a low magnification objective (Olympus, 10X, 0.3
NA, excitation at 910 nm) and shows the entire extension of a 2 mm wide craniotomy. B)
Magnified image of the boxed area from panel A showing the E2GFP (green) and LSSmKate2
(red) fluorescence after correction for bleed-through. Field width 200 �m, Olympus 60X
1.00 NA. A gamma transform (g=0.5) was applied to the images of A and B to improve
visualization of dendrites and cell bodies. C) Example of a spectral series for a P10 mouse.
Calibration bar 20 �m. D) Quantification of the raw fluorescence of the five cell bodies
indicated by the arrowheads (calibration bar 20 �m.). Data have only been corrected for flat
field illumination and background. E) Spectral measurement of one cell after correction of
bleed-through (symbols and line), compared to the raw fluorescence without bleed-through
correction (thin lines).

Moreover, collaborators in Pisa verified that the product of expression of the plas-
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mid was an intact E2GFP-LSSmKate2 dimer by performing two independent con-

trols based on in vivo FRAP and on the measure of the cross-correlation spectra

of fluorescence fluctuations (FCCS).

In vivo studies were performed in adult mice (P18-P60) by acquiring images at

several wavelengths under a constant power at the brain surface. A representa-

tive example of a spectral series is shown in Fig. 4.8, C. The spectral series were

corrected for field illumination and bleed-through before data analysis. In spite

of careful data processing, we noticed that the spectra observed in vivo showed

a clear mismatch with regard of the calibrations. We ruled out any influence

of bleaching occurring during the scan in our experimental conditions (Supple-

mentary Methods and figure S5). Owing to spectra distortion, the calculated

values of pH and chloride concentration turned out to be very dispersed and

showed a pronounced dependency on imaging depth. This suggested that data

were affected by wavelength-dependent scattering/absorption of excitation and

emission by brain tissue [140].

4.2.5 Effects of brain tissue on sensor spectroscopy

In order to investigate this distortion, we used a mouse line expressing YFP in a

sparse population of cortical pyramidal cells line H, ). Fig. 4.9, panel A shows

the ratio of the fluorescence emitted by YFP when excited at 960 and 910 nm

(F960 and F910 respectively). The color-coded transverse section demonstrates

that, as the imaging depth increased, F910 decreased compared to F960. These

data clearly show that there was a progressive loss of power available at the focal

plane with decreasing wavelength, and that this effect increased with imaging

depth (Fig. 4.9, panel B). This implies that also the emitted fluorescence un-

dergoes some extinction while propagating from the imaging plane to the brain
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surface, with the green fluorescence experiencing more loss than the red one. We

obtained a quantitative assessment of this process in the YFP mice. If we mea-

sure the fluorescence of recombinant YFP or after expression in cultured cells,

the emission spectrum is not altered by extinction: in these conditions, the fluo-

rescence of YFP was distributed in the green and red channels with a ratio R/G

= 0.116 (SD = 0.006, n = 10 cells). Then, we recorded the fluorescence in YFP

mice in the red and green channels and computed the R/G ratio at various focal

depths. As expected, the ratio R/G changed with depth, as shown in Fig. 4.9,

panel C, which reports qualitatively the R/G ratio normalized to the R/G value

for the isolated protein. Thus, the detected fluorescence underwent an apparent

red shift with increasing depth, as quantitatively shown in Fig. 4.9, panel D, that

reports the measured R/G ratio at different depths normalized to the R/G value

for the isolated protein.
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Figure 4.9: The excitation and emission spectra of intracellular fluorescence are al-
tered when imaging in a thick tissue. A) Imaging of a YFP expressing mouse demonstrates
the wavelength-dependent loss of excitation in vivo. The reconstructed transverse section
depicts the ratio of the fluorescence emitted in response to excitation at 960 and 910 nm.
The ratio has been normalized to the value measured at zero scattering and the image shows
that, as the imaging depth increases, excitation at 960 nm is less attenuated. Calibration
bar 50 �m. B) Excitation spectra of YFP imaged at different depth in the cortex of one
adult YFP-expressing mouse. As a zero-scattering reference, the spectra of YFP recorded
in HEK cells is also shown. Spectra have been normalized to the fluorescence measured at
1000 nm. At increasing imaging depth, shorter wavelengths are scattered more and more
and less power is delivered at the focal plane with a consequent decrement of fluorescence.
Similar results have been obtained in 5 additional mice. C) Effects of imaging depth on the
color of recorded fluorescence. The image is a reconstructed transverse section from a YFP
expressing mouse. The look-up table codifies for the ratio of the fluorescence recorded in
the G and R channels. In HEK cells, the emitted fluorescence is distributed between the G
and R channels with a rate of 1 to 0.116. With increasing depth the green fluorescence un-
dergoes more extinction than the red and the rate decreases from 1 to 0.38. Calibration bar
50 �m. D) Quantification of the progressive red shift of detected fluorescence with imaging
depth. Data collected from 6 YFP-expressing adult mice. E) Correlation between differential
excitation scattering (parametrized by D) and fluorescence red shift g (R2=0.73).

Next, we verified whether, for a given focal plane, we could establish a relationship

between excitation scattering and emission extinction. Fig. 4.9, D shows the

correlation between these two effects as quantified by the measured Δ-� pairs at

different depths. Δ(z) yields the relative loss of fluorescence excited at 960 and

910 nm, as defined by:

(z) = YFP960 (z)
YFP910 (z)

YFP910 (0)
YFP960 (0)

(4.5)

where the subscripts indicate the excitation wavelength and z indicates the imag-

ing depth. Depth zero corresponds to the fluorescence measured in the absence

of scattering and Δ=1 implies that there is no wavelength-dependent loss of exci-

tation power. �(z) is defined by:

γ (z) = RYFP(z)
GYFP(z)

GYFP(0)
RYFP(0)

(4.6)

where z is the imaging depth. The value of �(z) is 1 in absence of differential
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extinction of the fluorescence detected in the R and G channels. Fig. 4.9, E

shows that there is a linear relationship between the extinction of emission and

the excitation scattering and that it is similar in different mice. Thanks to this

finding, if Δ(z) is known the parameter for differential emission extinction � can

be readily estimated using the empirical relationship:

γ = 1 + µ ((z) − 1) (4.7)

with µ = 0.040 ± 0.02 (n = 66, 6 mice; figure 3E).

4.2.6 In vivo measurements of pH and chloride concentration

To plot the in vivo spectra together with the calibration spectra, we normalized

the spectral sequence with the value of the fluorescence of LSSmKate2 at 910 nm.

Figure 4A shows the steps of the computation of the steady-state intracellular pH

and chloride concentration. The fluorescence of each pixel in the cell body out-

line was measured and the resulting fluorescence was calibrated and corrected

for bleed-through to produce a spectral series for the R and G channels. The

fluorescence averaged in a cell body is reported in figure 4A. As explained above,

the spectral series must be corrected for excitation scattering before computing

the pH values. We performed this correction knowing that R(λ) is pH and chloride

independent. Therefore, any divergence between R(λ) and the LSSmKate2 spectra

must be due to excitation scattering. Thus, we computed the correction factors

φ(λ) defined as:

φz (λ) = R∗0(λ)
R∗z(λ)

(4.8)
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where R*0 indicates the mKate2 excitation spectra corrected for bleed-through

and at depth 0 (no scattering) and R*z indicate the spectral series obtained from

the neurons imaged at depth z. We used this set of coefficients to correct the

E2GFP spectra:

G′ (λ) = G∗z (λ) φz(λ) (4.9)

where G*z indicates the E2GFP spectra obtained from each imaged neuron at

depth z. Fig. 4.10, panel A shows that the effect of excitation scattering on the

sensor spectra was very strong. After computation of pHi by means of the linear

decomposition described above, R (Eq:gix_pH) provides a readout of the quality

of the pH estimate for each pixel of the image. [Cl-]i was then computed using the

correction for the extinction of emission Eq. 4.7 and Sec. 1.5. Fig. 4.10, panel B

compares the residues R, and the pH and chloride estimates of each neuron ac-

quired in an imaging run. We computed these parameters on the raw data, after

correction for bleed-through only, and after correction for excitation scattering

and extinction of emission. Strikingly, the dispersion of the pH and [Cl-]i esti-

mates and the magnitude of the fit residues decreased radically after correction

for scattering and extinction.Fig. 4.10, panels C and D show the chloride and pH

maps and the uncertainties (see Supplemental Experimental Procedures for de-

tails) of the pH and chloride measurements at each pixel in the outlines of the cell

bodies. During acquisition of spectroscopic series, the wavelength presentation

was randomized to exclude any bias due to photobleaching. However, in control

experiment we verified that the effects of photobleaching on the spectroscopic

data was negligible.
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Figure 4.10: Raw imaging data and computation of pHi and [Cl]i. A) Open symbols:
excitation spectrum of LSSmKate2 observed in a field at the depth of 150 �m in a P22 mouse.
The red line is the LSSmKate2 spectrum obtained in the absence of excitation scattering.
As expected there is more loss of fluorescence at shorter excitation wavelength. The middle
panel reports the ratio between the reference and the observed spectra. This correction is
applied on the E2GFP spectrum, as shown in the lower panel: the open symbols are the
original data (after bleed-through correction) and the filled symbols have been corrected for
excitation scattering. The lines show the results of best fitted liner decomposition, without
(thin line) and with correction (thick line). The corresponding pH and fit residuals are also
reported. It is apparent that the distortion of the excitation spectrum causes a shift of the
estimate of pHi towards more alkaline values. B) Each symbol represents the fit residue of
a neuron, computed from the raw data of adult mice, with correction for bleed-through only
(BT) and fully corrected for excitation and emission scattering. The corrections improve the
fit of the spectra thus decreasing the residues. Furthermore, dispersion of the computed pHi

and [Cl]i diminishes. C-D) The pH (C) and chloride maps (D) computed before and after
correction for excitation and emission scattering show the decrease of data variability which
is also mirrored by the decrement of the uncertainties computed on each pixel (lower maps,
see supplementary methods for details). Images have been obtained at an imaging depth of
200 �m in a P32 mouse (calibration bar: 25 �m).

4.2.7 Scattering-independent measurement of pH by means of

E2GFP fluorescence lifetime

We also wondered whether we could use the fluorescence lifetime as an alterna-

tive method to measure pH since this approach would be independent of excita-

tion scattering and of the procedure used to correct the spectroscopic measure of

pH for the cellular environment. Fig. 4.11, panel A shows the fluorescence decay

of the sensor solution excited at 910 nm. At this wavelength, we measured a mix

of the protonated and unprotonated lifetimes yielding a relationship between the

time course of fluorescence decay and pH. As previously done, we established a

calibration curve between pH and lifetime, both in protein solution and in cells

(Fig. 4.11, panel B). Then, we imaged a spectral series in vivo for the spectro-

scopic computation of pHi. At the end of the spectral acquisition, we measured

the fluorescence decay at 910 nm. In this way, we estimated the pHi of each

imaged cell by two independent methods, only one of which was affected by the

scattering effects. Fig. 4.11, panels D and E show an excellent agreement of the
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two pH measurements.
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Figure 4.11: Scattering-independent lifetime measurement of pH. The lifetime of
E2GFP fluorescence can be used to measure pH in a scattering-independent way and to
verify the efficacy of the corrections for excitation scattering and intracellular environment.
A) Set of lifetime calibration data obtained in cells held in zero chloride and at the specified
pH value in the presence of ionophores. For each pH value at least 30 cells were measured.
Fluorescence decays have been obtained at pH 6.0, 6.4, 6.8, 6.9, 7.0, 7.1, 7.2, 7.4, 7.6, 8.0.
Labels have been omitted for clarity. B) Calibration curves showing the average lifetime of
E2GFP vs pH in purified protein solution and in cells demonstrating a difference due to the
different environments. C) Two-photon imaging of a field placed at 150 �m of depth. The
intracellular pH was determined for each labelled neuron by both spectroscopy and lifetime
analysis. Calibration bar 15 �m. D) Decay of fluorescence as measured in the boxed neuron
in (C) (black line) and its fit (orange line). For reference the fluorescence decays at pH 8 and
6 are also shown. E) Comparison of pH values (for of each cell labelled in panel C) in the
field as obtained from spectroscopy analysis-without and with different degrees of correction-
and from lifetime analysis. From the left: pH computed with a conventional ratiometric
method with two excitation wavelengths (910 and 960 nm) and no correction neither for
bleed-through nor for excitation scattering; pH computed by spectral decomposition without
any correction; pH computed by spectral decomposition and correction for bleed-through
only; pH computed by spectral decomposition and correction for bleed-through and excita-
tion scattering. All these data have been corrected for the effect of intracellular environment
on spectral properties. The rightmost data set shows the pH measured by FLIM. E) Correla-
tion between the pH measured by spectroscopy and by lifetime shows an excellent agreement
between the two estimates after the data are fully corrected for scattering and intracellular
environment.

4.2.8 Developmental maturation of chloride homeostasis

We collected spectral series from CD1 mice at three temporal points: P4-5 (10

mice, 650 neurons), P8-10 (n = 8, 591) and from older mice, in the age range

P18–P51 (n = 5, 274). From each spectral series we obtained the chloride and

pH maps, as shown in Fig. 4.12, panels A and B. This analysis was limited to the

cell bodies that provided a better signal following strict criteria for data weight-

ing and exclusion (see Methods). We did not detect any change in pH during de-

velopment (Fig. 4.12, panel C), while the developmental maturation of chloride

concentration was quite obvious. The data pooled from the three groups showed

that the median [Cl]i, decremented from 65 ± 25 mM (median ± SD) at p4-5, 45.3

± 34 at P8-10 down to 11.6 ± 8 mM in the adult group (fig. 6D). These values

neatly falls within the range defined by the equilibrium chloride concentration

of the prevalent cotransporters: 4 mM for KCC2 and 90 mM for NaKCC1 [13].
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According to this view, the high chloride concentration in immature neurons is

maintained by the influx of Cl- ions driven by the symporter NaKCC1. To test

this hypothesis, we superfused the cortex of P4-5 mice (n = 7) with the NaKCC1

inhibitor Bumetanide (55 µM) in correspondence of the craniotomy. Imaging was

performed immediately after sealing the coverslip and imaging was started. The

treatment caused a large decrement of intracellular chloride from 52 mM to 18.5

± 9 mM, 7 mice, n = 938), confirming the crucial role of NKCC1 in determining

the high [Cl]i in the immature brain (Fig. 4.12, panels E and F).
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Figure 4.12: Measurement of steady-state intracellular pH and chloride in vivo. A,B)
Two-photon imaging fields in an immature mouse (A) and in an adult (B). Calibration bar 15
�m. The color images show the computed pH and [Cl]i maps for each cell in the field. C,D)
Distributions of intracellular pH and [Cl]i in three different age group. The developmental
shift of chloride concentration is obvious. Data pooled from 10 P4-5 mice (650 neurons), 8
P8-10 mice (610 neurons) and 5 mice aged P18-P51 (274 neurons). The arrows indicate the
Cl equilibrium concentrations for the cotransporters KCC2 and NKCC1. E) Imaging as in A
and B after local application of the inhibitor of NKCC1 bumetanide. This treatment caused
a drastic reduction of intracellular chloride to values comparable to adulthood, showing that
the elevated [Cl]i in new born mice is maintained by the operation of NKCC1. The white
point in the color scale, corresponds to [Cl]i = 25 mM. Calibration bar 25 �m. F) Distribution
of intracellular chloride at P4-5 after treatment with bumetanide, compared to the adult and
P4-5 control distribution. Treatment did not affect pH (7.23 ± 0.08, meand ± SD). Data
pooled from 7 treated mice aged P4-5 (938 neurons).

4.3 Glioblastoma chloride and osmotic homeostasis

This part of the work was conducted in collaboration with Professor Anders I.

Persson, University of California, San Francisco and Professor Dandan Sun, Uni-

versity of Pittsburgh, Pittsburgh.

Glioblastoma represents the most common and aggressive primary brain tumor

with a median survival of 12-15 months post-diagnosis [141]. Each year in the

United States, approximately 12,000 new cases are diagnosed with GBM [142].

Inhibition of sodium-potassium-chloride co-transporter NKKC1 reduces prolifer-

ation and invasion of GBM cells. We found that compression promotes GBM

cell proliferation, an effect antagonized by bumetanide or antisecretory factor

(AF). Poor brain penetration and side-effects limit the use of the NKCC1 inhibitor

bumetanide in patients. As a solid tumor, GBM is associated with elevated in-

terstitial fluid pressure (IFP) as a result of vascular leakiness and drainage resis-

tance via increased cell density, stromal cell mediated synthesis, and contraction

of the interstitial matrix [143]. Fluid accumulation compresses the tumor and

surrounding normal tissue, and promotes osmotic swelling of tumor cells. Al-

though studies have clarified the role of IFP on vascular remodeling, it is still
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unclear how osmotic changes and mechanical stresses regulate tumor cell biol-

ogy.

NKCC1 is a major regulator of cell volume under osmotic challenges in mature as-

trocytes and oligodendrocyte progenitor cells (OPCs), the origins of GBM in mice

[144,145] . NKCC1 potently reduced migration and tumor invasion of human

GBM cells [146,147]. Cell volume changes caused by accumulation of chloride

ions are necessary for cell proliferation and migration of GBM cells [148,149].

Recently was demonstrated that the FDA-approved NKCC1 inhibitor bumetanide

(BMT) abrogated restoration of volume increase (RVI; Fig. 4.13) and potentiated

TMZ-induced cytotoxicity of primary human GBM cells [150]. However, side-

effects from the highly potent diuretic effect of BMT limit its chronic use and it

shows poor brain penetrance [151–154].

Figure 4.13: Restoration of volume increase.
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Efforts to identify agents that prevent cholera toxin-induced hypersecretion

from intestine lead to the identification of a protein in intestinal organs that

demonstrated antisecretory properties [155]. Purification of this antisecretory

factor (AF) matched the 41-kDa non-ATPase subunit of the 19S proteasome (AF,

PSMD4, Sn5, Rpn10) in a larger 26S polyribosome complex [156–158]. The

eight-amino acid N-terminal sequence (aa 35-42) of AF display antisecretory

properties in higher vertebrates and humans [159–161]. A specially processed

cereal (SPC) induced endogenous AF protein within days following treatment in

animals and humans [163,164]. For a more immediate effect, oral administra-

tion of AF-rich egg yolk (Salovum, B221) or nasal uptake of AF peptide produced

more immediate effects [165–168]. As a naturally occurring protein, endoge-

nous or exogenous induction of AF protein showed no side-effects in animals

and patients [163,165]. More recent studies show that AF can regulate fluid

dysregulation, including intracranial pressure, in the brain and other organs

[164,168–172]. The mechanism of action remains largely unknown but it has

been linked to molecular targets known to regulate fluid homeostasis, including

the NKCC1 channel [173,174]. Its ability to reduce intracranial pressure in the

injured brain, lower IFP in subcutaneous tumors, and increase drug uptake in

solid subcutaneous tumors suggest that it might also be effective in GBM.

Expression of NKCC1 increases with glioma grade [175]. Collaborators found

that high expression of total and activated NKCC1 in human GBMs. To measure

IFP in intracranial tumors of mice, they repurposed telemetry-based methodol-

ogy to remotely and continuously record IFP during tumor progression in hu-

man GBM xenografts. Using a force bioreactor, then they demonstrated that

compression increased expansion of human GBM tumorspheres in 3D cultures,

provocative results suggesting that tumor pressure reinforces tumor growth. AF

peptide, BMT, or NKCC1 knockdown similarly normalized compression-induced

4.3. Glioblastoma chloride and osmotic homeostasis 147



proliferation and the transcriptional phenotype in cultured GBMs.

Elevated intracranial pressure in GBM patients contributes to neuronal degen-

eration and a plethora of symptoms [176]. Indirect measurement of intracra-

nial pressure in the cerebrospinal fluid space showed elevated pressure (10-100

mmHg) in high-grade glioma patients compared to matched controls (0-5 mmHg)

[177,178].

Notably, elevated IFP is also known as a barrier for uptake of chemotherapeutics

in solid cancers [143,179]. In this work it was hypothesized that IFP-reducing

strategies that inhibit osmotic swelling of tumor cells rather than targeting the

tumor vasculature should have fundamentally different effects on drug uptake

and GBM biology.

4.3.1 Prevention of restoration of cell volume and chloride per-

meability

NKCC1 is a major cell volume regulatory protein under normal physiological con-

ditions and plays an essential role to achieve restoration of volume increase (RVI)

in response to osmotic stress in glioma cells [150,180]. To test whether AF induc-

tion similar to BMT regulates cell volume in GBM cells, 3D imaging was used

to analyze tumor cell volume following administration of SPC diet in GBM43

xenografts. Staining of tumors with Phalloidin (to selectively label F-actin) fol-

lowing administration of SPC or control diet showed that AF induction in tumor

cells reduced the tumor cell size at terminal stages compared to control mice. A

close correlation between total cell volume and nuclear size was found. Tumor

cells in SPC-treated mice displayed reduced total cell volume and nuclear size

compared to controls.
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To study RVI of GBM cells in vitro, we loaded cultured GBM43 cells with cell-

permeable calcein dye (calcein-AM), an established marker of intracellular cell

volume [119]. Hypertonic exposure led to cell shrinkage in both BMT (10 μM)

and AF peptide (5 μg/ml) treated cells and no RVI response was detected within

20 min of hypertonic exposure, implying that both BMT and AF were effective

in inhibiting RVI in these cells. Tumor cells incubated with AF peptide failed

to surpass the baseline when returned to isotonic conditions and cells where

apoptotic compared to cells treated with BMT (Fig. 4.14).

Figure 4.14: Restoration of GBM cells volume. Cell shrinkage was induced with hypertonic
exposure in both BMT and AF peptide treated cell with no RVI response recorded within 20
minutes of hypertonic exposure.

We have previously demonstrated that BMT regulates chloride permeability in

human GBM cells [150]. Thus we electroporated GBM43 cells with ClopHen-

sor (Fig. 4.15) to demonstrate that AF and bumetanide reduced chloride perme-
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ability when tumor cells were transferred to hypertonic conditions (Fig. 4.16).

Thus AF and BMT similarly prevented adaptation of tumor cells to osmotic chal-

lenges, providing a rationale for reduced survival of tumor cells in AF-treated

GBM xenografts.

Figure 4.15: Time-lapse recordings of intracellular chloride concentrations in GBM14 cells in
the presence of BMT or AF peptide. Cell shrinkage was induced with hypertonic exposure
in both BMT and AF peptide treated cell with no RVI response recorded within 20 minutes
of hypertonic exposure.

Intriguingly, our collaborators showed that mice administered a combination of

SPC diet and TMZ ceased tumor growth and completely prevented tumor recur-

rence in GBM43 xenografts. Thus, AF therapy effectively increased cellular up-

take of chemotherapeutics, resulting in reduced tumor growth and prevention of

tumor recurrence in GBM xenografts.

4.3.2 Discussion

Hydrostatic and osmotic pressures contribute to high IFP in solid tumors. AF

completely reversed compression-induced proliferation in GBM tumor spheres,
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Figure 4.16: Chloride permeability under hyperosmolar conditions. Quantifications
following adjustment for pH changes showing changes in [Cl−] following incubation with
BMT or AF peptide versus control (PBS). P < 0.05.

an effect also achieved using BMT or NKCC1 knockdown. Interestingly, AF pep-

tide had no effect on proliferation when GBM cells were grown under atmospheric

pressure.

AF peptide and BMT prevented RVI and chloride permeability in GBM cells grown

under hyperosmotic conditions. AF therapy lowered IFP in tumors, reduced tu-

mor growth, and increased the overall survival in mice xenografted with human

GBM cells. Fluid accumulation compresses the tumor and surrounding normal

tissue, and promotes osmotic swelling of tumor cells as a second barrier to cel-

lular uptake in solid tumors. Lowering of IFP reduced tumor cell proliferation in

carcinoma xenografts [181,182]. Invading GBM cells have been shown to maxi-

mally decrease their cell volume 30-35%, a value that represents all free unbound
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cytoplasmic water [183]. Any volume reduction beyond this value is expected to

compromise the viability of glioma cells [184]. In fact, we observed an approxi-

mately 40% reduction in cell volume along with massive apoptosis of GBM cells.

Reduced cell density was found to increase uptake of doxorubicin and other cyto-

toxic agents in solid tumors [185]. Our data suggest that AF-mediated inhibition

of RVI in tumor cells provides an explanation for the compromised survival of tu-

mor cells and increased intracellular uptake of chemotherapeutic agents in GBM

xenografts.

Cell volume regulation is critical for biological processes such as cell proliferation

[186–188], migration [189,190], and apoptosis [149,191,192]. Glial cells use sev-

eral mechanisms to achieve osmotic balance of water, ions, and solutes between

the extracellular and intracellular spaces. Cortical astrocytes and neural stem

cells (NSCs) give rise to GBM in mice [193,194]. In astrocytes the regulation of

chloride fluxes is complex involving a large number of exchangers, transporters,

and ion channels, where NKCC1 is a major regulator [144,195,196]. The activity

of NKCC1 is strongly stimulated by cell swelling in astrocytes [197]. Although

both the NKCC1 and anion exchangers contribute to elevated intracellular chlo-

ride levels in neuronal progenitors, only NKCC1 inhibition reduced proliferation

of progenitors [198]. NKCC1 knockdown reduced gamma-amino butyric acid type

A receptor GABAAR-induced depolarization in NSCs that resulted in reduced pro-

liferation and neuron production [199]. GABA is not only a neurotransmitter but

also regulate osmotic swelling in glial cells and neural stem cells (NSCs) through

GABAAR signaling [200]. Very low levels of AF peptide (10-13 M) reduced GABA

diffusion and Cl- permeation across cell membranes [171,174]. Previous electro-

physiological studies indicate that AF modulates GABAAR-mediated responses,

but it does not appear to be a general GABA antagonist or agonist [174]. In

glioma, cell proliferation was dependent on cell volume in a bell-shaped man-
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ner, where shrinkage or osmotic swelling reduced proliferation, and shrinkage

also induced apoptosis in tumor cells [187]. Interestingly, functional GABAARs

were suggested to be lost in GBM cell lines, but restored when tumor cells were

xenografted [201]. Instead, we observed high expression of NKCC1 in cultured

GBM cells. Although we are unable rule out other mechanisms of action, our

data suggest that AF is directly or indirectly regulating NKCC1 function in GBM

cells.
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5
Discussion and Conclusion

In this thesis I presented the development of genetically encoded fluorescent

biosensors and analysis methods for the quantification of intracellular Cl- con-

centrations in living neurons in time-lapse with subcellular resolution.

New sensing elements with improved Cl- affinity or reduced pH-dependence were

identified through rational design and random library screening. A new protein

design was engineered exploiting the spectral properties of a long Stokes’ shift

fluorescent protein (LSS-mKate2) achieving the first LSS-based Cl- biosensor,

LSSmClopHensor, in which a single wavelength is able to excite both green and

red biosensor moieties. This was a crucial step that allowed us to extend quan-

titative chloride imaging to the realm of intact brains and 2-photon microscopy.
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Often Cl- changes are coupled to proton fluxes mediated by chloride-transporting

proteins [8,202,203] or by the concomitant activation of different synaptic recep-

tors [32]. Therefore, only approaches that accounts for the local changes of pH

can be used for accurate measurements of Cl- changes or, in other words, for

quantitative chloride imaging as this work has shown. The concomitant vari-

ation in the intracellular pH and Cl- level, which is ineludible particularly in

neurons, have plagued many previous attempts to develop Cl- biosensors based

on chloride-sensitive fluorescent proteins [51,98]. We overcome this limitation

by the introduction of a dual ratio simultaneous quantification of pH and Cl-

levels which requires the acquisition of three images at distinct excitation wave-

lengths. The savings of an excitation wavelength in LSSmClopHensor allowed

the extension of this method to the 2-photon microscopy and – to the best of our

knowledge – the first quantification of the decrease of Cl- concentration from the

young to the adult brain; a surprising fact considering that Clomeleon mice have

been available for several years. Indeed, we have highlighted how light scattering

can substantially perturb ratiometric imaging in brain tissue as confirmed also

in a recent report [204].

We have seen how intracellular Cl- concentration ([Cl-]i) is a critical determinant

for synaptic transmission events. Postsynaptic target neurons can be either

excited or inhibited by GABA or glycine release depending on the level of [Cl-]i

[205,206]. Therefore, chloride imaging represents the only tool currently avail-

able for imaging inhibition dynamics in the neurons of the adult brain at low

level of [Cl-]i.

Finally, our quantitative chloride imaging methods were demonstrated also in

time-lapse microscopy; in a mouse model following epileptic like discharges and

in primary glioblastoma cells following osmotic stress changes. So, Cl- elevation
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during ictogenesis was accurately quantified after measuring also the concurrent

local acidification in ex vivo. While in patient-derived GBM cultures, chloride

imaging helped to elucidate the mechanism of action of a novel anti-tumor ther-

apy. In particular, it was proved that inhibition of the Cl- extruder NKCC1 or AF

therapy inhibit osmotic adaptation. The consequent disruption of the regulatory

volume increase (RVI) mechanism explained the observed induction of apoptosis

and reduced proliferation.

As our knowledge on the molecular determinants of Cl- binding in GFP accu-

mulates, we will be able to engineer even improved biosensor variants that will

optimally match [Cl-]i and subcellular pH values. In the presence of concomitant

pH changes – for instance bicarbonate flux associated to GABA activity – more ac-

curate measurements of [Cl-] can be based on GFP variants with pH-independent

Cl- binding that we have identified by random mutagenesis.

Ion homeostasis is governed by a highly dynamic metastable equilibrium in which

ion distributions balances electrochemical forces. The identification of the cel-

lular determinants of ion homeostasis processes demands new tools of investi-

gation allowing us to scrutinize disputed concepts as the effect of extracellular

charges on the distribution of Cl- within neuronal cells [38]. As occurred in the

field of calcium imaging, the development of tools to measure Cl- in vivo, where

neural circuitry are fully preserved, will represent a dramatic improvement in our

under- standing of Cl- regulation and of the mechanisms of GABAA mediated in-

hibitory activity considering that slice preparation and maintenance procedures

affects profoundly Cl- regulation [103,207]. In vivo imaging might reveal more

subtle Cl- fluxes that are activated in dendrites or in the soma by physiological

activity. Compartmentalization within the dendritic tree and the cell body can

originate from localized changes in ion homeostasis [208,209] and might differ-
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entially affect the inhibitory inputs from different neuronal compartments.

Chloride imaging is playing a growing role in the understanding of brain diseases.

Epilepsy is the most obvious pathology that involves alterations in GABAergic

transmission. Studies that inspect Cl- regulation during seizures are accumu-

lating [14,52,134,138,210,211]. All these studies were performed in slices. New

studies will be performed in experimental models with intact neuronal circuits;

possibly by imaging in vivo the hippocampus [212,213]. While epilepsy and Cl-

homeostasis is certainly a very important field, it is becoming clear that the in-

volvement of Cl- regulation in brain physiopathology is far more extensive. The

spectrum of brain diseases associated with defective inhibition is broad and in-

cludes both acute conditions like ischemia or traumatic injury [103,214] and

chronic conditions like fragile X and autism [215–218]. Dysregulation of Cl-

homeostasis might play an important part in any pathology associated to a de-

fective equilibrium between excitation and inhibition. The availability of diuret-

ics that alter the activity of Cl- cotransporters and have a long clinical track

record makes the modulation of Cl- homeostasis an attractive target for phar-

macological intervention [152,219]. In vivo imaging will likely offer a powerful

pre-translational tool for the direct testing of drugs acting on Cl- homeostasis in

different models of brain diseases.

5.1 Future work

Alteration of chloride fluxes plays physiological roles in many tissue homeostasis

and cellular processes as well as pathological roles in many diseases. Therefore,

several hypothesis can be formulated as further development in the field. For

example, chloride ion fluxes can regulate cell migration by exerting housekeeping
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functions such as setting membrane potential, intracellular pH, cell volume [22].

While apoptosis affects ions homeostasis by decreasing cell volume, cancer cells

are able to interrupt the apoptosis pathways by modulating the expression of

chloride and potassium channels on the plasma membrane [192,220]. Chloride

homeostasis can thus be considered as a prominent player in the biology of tumor

cells; and it can be hypothesized that altered functionality of chloride channels

and chloride fluxes are responsible for disrupting the apoptosis pathways and

promoting cell migration.

In gliomas, the Na+/K+/2Cl- cotransporters NKCC1 accumulates chloride ions

up to the concentration of 100–140 mM, which is about 10 fold higher than in

physiological conditions [148]. It means that for chloride ions to function as

the energetic driving force for volume decreases, an outward-directed gradient

has to be maintained. A hydrodynamic cell invasion model was described for

glioma cells where the flux of chloride ions across the plasma membrane is the

key determinant of the cellular volume changes and ultimately of invasion [183].

Invading glioma cells would maximally decrease their volume by expelling all free

(unbound) water molecules from the cytoplasm; a process powered by the driving

force provided by the concomitant Cl- efflux. Other migratory cells may use simi-

lar hydrodynamic mechanism to sustain their migration, where chloride currents

are used for cell volume changes. One of the grand challenges of ion channel re-

search is to identify the specific subtype of ion channels that plays a pathogenic

role in cancer e.g. oncogenesis [221], progression and cell cycle checkpoints [222],

metastasis and angiogenesis, and to develop specific blockers (or openers) for the

channel as tumor suppressants [223]. Different kinds of chloride channels, clas-

sified according to their activation mechanism (ligand gated, Ca2+dependent and

voltage gated), are involved in cancer processes in different cell lines [12]. Yet, the

types and subtypes of chloride channels involved are still largely unknown; their
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identification is likely to be the subject of future research.

In the near future, it will also be feasible to screen different murine models of

brain pathologies for alterations in the development of chloride regulation resolv-

ing image chloride compartmentalization between dendritic tree and cell body.

Furthermore, sensory cortices offer the opportunity to study incoming GABAer-

gic activity in response to physiological stimuli in regions where the functional

architecture is well known.

Another intriguing hypothesis is to consider Cl- as a second messenger. For

example, in the CFTR signalling mechanism involved in the expression of CFTR-

dependent genes was shown that Cl- concentration can regulate the expression

of specific genes [224]. In particular, the identified the gene RPS27, which en-

codes the multifunctional ribosomal protein RPS27, suggest an association be-

tween Cl- homeostasis and protein translation regulations, especially in highly

differentiated and polarized cells such as neurons. Indeed, dysregulation in the

maturation of messenger RNA and in the translation machinery have been as-

sociated to the onset of numerous neuron pathologies; in the case of fragile X

syndrome a direct link was observed [225].

Finally, Cl- homeostasis may play a role also in neurodegenerative diseases. By

altering osmotic condition of the cells, Cl- dysregulation could establish environ-

ment conditions promoting and sustaining protein misfolding and aggregation

and thus cell toxicity. So, the modulation of Cl- metabolism is emerging as a

novel therapeutic target for a variety of neurological diseases.

In conclusion, the methods here presented hold out the promise of disentan-

gling the tight physiological role of bicarbonate, proton and Cl- in fully preserved

neuron circuitry and in a wider range of biological processes.
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6
Appendix

6.1 Effects of ionic strength on protein pKa

Application of the Hendersson-Hasselbalch equation to the studied equilibrium

of E2GFP at near-physiological pH provides:

pKapp
a = pKa + log fA

fN

− log aH2O (6.1)

where fN and fA denote the activity coefficients of the neutral and the anion of

E2GFP, respectively, and aH2O is the water activity.
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A semi-empirical function based on the extended Debye-Hückel equation could

be used to relate fi with µ. Using this approach the activity coefficients may be

represented as:

log fi =
−ADHz2

i

√
µ

1 + ȧiB
√

µ
+ Liµ (6.2)

In this equation, also called the Truesdell-Jones equation, Li is an adjustable

parameter, typical values for ADH and B at room temperature and atmospheric

pressure are 0.51 and 0.33, respectively, ȧi stands for the ionic radius in

Angstroms, and zi is the ionic charge. Substituting Eq. 6.1 into Eq. 6.2 and

assuming a similar radius for N and A states, we can derive Eq. 6.3.

pKapp
a = pKa − ADH(z2

A − z2
N)

√
µ

1 + ȧB
√

µ
− L∗µ − log aH2O (6.3)

6.2 Sequences

Sequence data are shown as annotated graphic, which were created using [226]

TEXshade.

6.2.1 LSSmKate2 codon-optimized DNA sequence

linker
▶

10. 20. 30. 40. 50. 60.
GCAAGCGGGGGGGGCGGGGGCCTGGTCCCTCGGGGCAGCGCAAGCGGAGCCGTGAGCGAA

A S G G G G G L V P R G S A S G A V S E
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70. 80. 90. 100. 110. 120.
CTGATTAAGGAGAATATGCACATGAAGCTGTACATGGAGGGGACAGTGAACAATCACCAT

L I K E N M H M K L Y M E G T V N N H H

130. 140. 150. 160. 170. 180.
TTCAAGTGCACTTCCGAGGGCGAAGGAAAACCATATGAAGGCACTCAGACCATGCGAATC

F K C T S E G E G K P Y E G T Q T M R I

190. 200. 210. 220. 230. 240.
AAGGTGGTCGAGGGAGGACCACTGCCTTTCGCATTTGACATTCTGGCCACCTCTTTCATG

K V V E G G P L P F A F D I L A T S F M

250. 260. 270. 280. 290. 300.
TACGGCAGTTATACCTTTATCAACCACACACAGGGAATTCCTGACTTCTTTAAACAGTCT

Y G S Y T F I N H T Q G I P D F F K Q S

310. 320. 330. 340. 350. 360.
TTCCCAGAAGGCTTCACCTGGGAGCGGGTCACCACATACGAAGATGGGGGCGTGCTGACA

F P E G F T W E R V T T Y E D G G V L T

370. 380. 390. 400. 410. 420.
GCAACTCAGGACACATCACTGCAGGATGGGTGTCTGATCTATAATGTCAAGATTCGCGGA

A T Q D T S L Q D G C L I Y N V K I R G

430. 440. 450. 460. 470. 480.
GTGAACTTTACTAGCAATGGGCCCGTCATGCAGAAGAAAACTCTGGGGTGGGAGGCTGGC

V N F T S N G P V M Q K K T L G W E A G

490. 500. 510. 520. 530. 540.
ACCGAAATGCTGTACCCTGCAGACGGAGGGCTGGAGGGACGAAGTGACGATGCTCTGAAG

T E M L Y P A D G G L E G R S D D A L K
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550. 560. 570. 580. 590. 600.
CTGGTGGGCGGAGGGCATCTGATCTGCAACCTGAAAAGCACATATAGGTCCAAGAAACCA

L V G G G H L I C N L K S T Y R S K K P

610. 620. 630. 640. 650. 660.
GCCAAGAATCTGAAAGTGCCCGGCGTCTACTATGTGGACAGGAGACTGGAGAGAATTAAG

A K N L K V P G V Y Y V D R R L E R I K

670. 680. 690. 700. 710. 720.
GAAGCTGATAAAGAGACCTACGTGGAGCAGCACGAAGTGGCCGTCGCTCGGTATTGTGAT

E A D K E T Y V E Q H E V A V A R Y C D

730. 740.
CTGCCCTCCAAGCTGGGCCATCGC

L P S K L G H R

Figure 6.1: LSSmKate2 codon-optimized DNA sequence.

6.2.2 Sequences of LSSmClopHensor constructs

Strep-tag E2GFP︷ ︸︸ ︷
10. 20. 30. 40. 50.

pc3.1 MASWSHPQFEKGAVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATY
pET21b ...----------.......................................
charge

E2GFP

60. 70. 80. 90. 100.
pc3.1 GKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEG
pET21b ....................................................︸ ︷︷ ︸

chromophore
charge
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E2GFP

110. 120. 130. 140. 150.
pc3.1 YVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEY
pET21b ....................................................
charge

E2GFP

160. 170. 180. 190. 200.
pc3.1 NYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLL
pET21b ....................................................
charge

E2GFP linker
▶

210. 220. 230. 240. 250. 260.
pc3.1 PDNHYLSYQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYKRGSASGGGG
pET21b ....................................................
charge

linker LSSmKate2
▶

270. 280. 290. 300. 310.
pc3.1 GLVPRGSASGAVSELIKENMHMKLYMEGTVNNHHFKCTSEGEGKPYEGTQTM
pET21b ....................................................

▲
thrombin site

charge

LSSmKate2

320. 330. 340. 350. 360.
pc3.1 RIKVVEGGPLPFAFDILATSFMYGSYTFINHTQGIPDFFKQSFPEGFTWERV
pET21b ....................................................︸ ︷︷ ︸

chromophore
charge
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LSSmKate2

370. 380. 390. 400. 410.
pc3.1 TTYEDGGVLTATQDTSLQDGCLIYNVKIRGVNFTSNGPVMQKKTLGWEAGTE
pET21b ....................................................
charge

LSSmKate2

420. 430. 440. 450. 460.
pc3.1 MLYPADGGLEGRSDDALKLVGGGHLICNLKSTYRSKKPAKNLKVPGVYYVDR
pET21b ....................................................
charge

LSSmKate2 His-tag
▶︷ ︸︸ ︷

470. 480. 490. 500.
pc3.1 RLERIKEADKETYVEQHEVAVARYCDLPSKLGHR--------
pET21b ..................................lehhhhhh
charge

Figure 6.2: Sequences of LSSmClopHensor constructs. Matching residues in pET21b con-
struct are blanked out, mismatches are shown in lowercase. Amino acid charge is reported
as color scale: red (negative) and blue (positive). The chromophore-forming residues are
color-shaded.
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