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Abstract. Monitoring calcium concentration in the cytosol is of main importance as this ion drives many biological cascades 
within the cell. To this end, molecular calcium probes are widely used. Most of them, especially the red emitting probes 
suffer from non-specific interactions with inner membranes due to the hydrophobic nature of their fluorophore. To circum-
vent this issue, calcium probes conjugated to dextran can be used to enhance the hydrophilicity and reduce the non-specific 
interaction and compartmentalization. However, dextran conjugates also feature important drawbacks including lower affini-
ty, lower dynamic range and slow diffusion. Herein, we combined the advantage of molecular probes and dextran conjugate 
without their drawbacks by designing a new red emitting turn-on calcium probe based on PET quenching, Rhod-PEG, in 
which the rhodamine fluorophore bears four PEG4 units. This modification led to a high affinity calcium probe (Kd = 748 
nM) with reduced non-specific interactions, enhanced photostability,two-photon absorbance and brightness compared to the 
commercially available Rhod-2. After spectral characterizations, we showed that Rhod-PEG quickly and efficiently diffused 
through the dendrites of pyramidal neurons with an enhanced sensitivity (ΔF/F0) at shorter time after patching compared to 
Rhod-2. 

Calcium ions (Ca2+) are ubiquitous second messenger in-
volved in many functions and processes of cells including 
proliferation, gene regulation or cell death.1 In neurons, 
Ca2+ regulates multiple aspects of its function, participates 
in the transmission of the depolarizing signal and contrib-
utes to synaptic activity.2 Therefore monitoring intracellu-
lar calcium concentration [Ca2+]i is of prior importance in 
order to better understand the cellular and more specifical-
ly, neuronal mechanisms.3, 4 The fast development of fluo-
rescence imaging technics and microscopies has led the 
chemists to developing fluorescent calcium probes.5 6 Alt-
hough the first fluorescent calcium probes were developed 
in the eighties by Tsien and colleagues,7 continuous pro-
gresses have been made in the field by improving several 
parameters responding to certain demands. Recently, effi-
cient genetically encoded fluorescent calcium indicators 
have been proposed in the literature,8, 9, 10 nevertheless 
small molecular calcium probes remain valuable tools in 
calcium imaging as they do not require any transfection 
step and are more user-friendly. The widespread use of 
green or yellow fluorescent proteins in cell biology has 
drawn the demand towards red shifted calcium probes thus 
allowing multicolour imaging. 10, 11, 12, 13, 14 For these rea-

sons red-emitting rhodamine-based Ca2+ probes like Rhod-
215 were developed. Nevertheless, unlike green emitting 
fluorescein-based ones, they tend to compartmentalize in 
inner membranes and organelles due to the hydrophobic 
and cationic nature of the fluorophore.16 Recently a silicon-
fluorescein based calcium probe was introduced with re-
duced compartmentalization by combining the hydrophilic 
nature of a fluorescein and the red shift emission provoked 
by the silicon atom.11, 16 Most commonly, in order to cir-
cumvent the issue of compartmentalization, dextran, a 
hydrophilic polysaccharide, is conjugated to the calcium 
probe to reduce the hydrophobic interactions.15,17 However, 
dextran conjugates suffer from several drawbacks: 1) The 
affinity of the conjugated probe is reduced compared to the 
parent free probe due to the use of one of its carboxylate 
group for conjugation to amino-dextran. This problem was 
addressed by the introduction of the red emitting calcium 
probes family: Calcium Rubies. 18, 19, 20 These probes dis-
play various affinity (from 20 µM to 258 nM) and have the 
distinctive feature to possess an azido side-arm that served 
for conjugation to dextran using the CuAAC orthogonal 
click chemistry without affecting the affinity. 2) Even 
though low molecular weight dextran are available, after 
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functionalization with calcium probes the high molecular 
weight of the conjugates limit their diffusion speed within 
the cytosol of the neuron. 3) The homogeneity of the batch 
is not guaranteed, as it is difficult to control the number of 
probes attached per dextran molecule. 4) The brightness as 
well as the fluorescence enhancement are reduced due to 
the quenching phenomenon. Indeed concentrating several 
fluorophores on the same dextran molecule favors the for-
mation of H-aggregates which produces non-emissive dark 
species.21 This phenomenon is identified by the increase of 
the blue shifted shoulder in the absorbance spectrum.19, 22 
As far as our knowledge, the last three points have not yet 
been addressed.  

Herein we developed a red emitting turn-on calcium 
probe based on a rhodamine fluorophore that bears four 
PEG4 units. From this design, arose an improved version of 
Rhod-2 probe with greatly reduced non-specific interac-
tions and compartmentalization and thus allowed for moni-
toring calcium transients further in the dendrites, in a faster 
manner and with an enhanced sensitivity. Rhod-PEG com-
bines the advantage of dextran conjugates in terms of hy-
drophilicity and reduced compartmentalization with the 
homogeneity, small size and brightness of small molecular 
calcium probes. 

RESULTS AND DISCUSSION 
 

Synthesis of Rhod-PEG 
Red emitting calcium probes are generally composed of a 

calcium chelating moiety, mostly BAPTA ((1,2-bis-(o-
aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid)) and a 
red-emitting fluorophore. At the OFF state the electron rich 
hydroxyanilin of the BAPTA turns off the fluorophore 
through the PET (photoinduced electron transfer) phenom-
enon. Upon binding of the calcium ion to the BAPTA, the 
PET quenching is blocked, revealing the fluorescence of 
the sensor. Among these red-emitting calcium probes, 
Rhod-2 is a widely used commercially available one, which 
is composed of a BAPTA and a tetramethyl rhodamine 
(Figure 1).  

 

 

Figure 1. Chemical structures of Rhod-2 and Rhod-PEG. 

Owing to the hydrophobic nature of the fluorophore, 
Rhod-2 tends to quickly penetrate the cells and to compar-
timentalize in inner membranes. Polyethylene glycol is a 
hydrophilic and polar molecule known to reduce the non-
specific interaction with biomolecules in both nanoparti-
cles23, 24 and molecular sensors.25 26 Although the PEGyla-

tion of a green emitting calcium probe based on a BODIPY 
fluorophore has recently been described to enhance the 
cellular uptake,27 we herein postulate that a PEGylated 
rhodamine-based Ca2+ probe should display a reduced cell 
permeability as well as avoid compartmentalization when 
patched in a neuron, thus allowing enhanced diffusion. 

Due to the symmetry of rhodamine fluorophore, adding a 
single side arm for further functionalization to dextran or 
PEG can be tedious in term of synthesis.18, 19 Herein we 
modified the rhodamine fluorophore with 4-pentynyl 
groups leading to molecule 3 thus allowing for further 
modifications by CuAAC click chemistry (scheme 1). Dye 
3 was then clicked with four PEG4 groups and the carbox-
ylic groups were then deprotected to provide Rhod-PEG in 
a pure form after reverse phase column chromatography.  

 

Scheme 1. Synthesis of Rhod-PEG. 

Spectroscopy 
First, the water solubility of Rhod-PEG was checked and 

it appeared to be soluble at high concentrations (mM range) 
thus proving the efficiency of the four PEG chains in en-
hancing the hydrophilicity of the fluorophore. It is an im-
portant property for patching experiments as calcium sen-
sors are dissolved at high concentrations in high ionic 
strength aqueous solution that can sometimes lead to pi-
pette clogging. The photo-physical properties of Rhod-PEG 
were then evaluated. It is noteworthy that whereas minor 
chemical modifications have been brought to the fluoro-
phore, Rhod-PEG exhibits different spectral characteristics 
from Rhod-2 (Table 1).  

Although Rhod-PEG showed similar molar extinction 
coefficient (82,000 cm-1 M-1), it was slightly red-shifted 
compared to Rhod-2. Indeed, Rhod-PEG displayed a max-
imum absorption wavelength at 562 nm and maximum 
emission wavelength at 587 nm, which would allow, during 
microscopy experiments, more efficient excitation (using a 
widely used 560 nm laser) and a larger amount of collected 
photons, respectively. Upon titration with increasing con-
centrations of free Ca2+, Rhod-PEG displayed typical PET 
quenching calcium probe behavior where the absorption 
spectra were virtually unchanged whereas the fluorescence 
intensity increased (Figure 2 A and B). Importantly, Rhod-
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PEG exhibited an impressive 200-fold fluorescence en-
hancement.  

 

 

Table 1. Photo- and physico-chemical properties of Rhod-PEG and Rhod-2. Concentration of sensors was 1 µM in MOPS (30 mM), 
KCl (100 mM), pH 7.2. Ca2+ free is 1 mM EGTA, and Ca2+ bound is 1 mM Ca2+. 

 
a data given by thermofisher.15 
b The quantum yield was measured with Rhodamine 101 as a reference (QY=100% in EtOH).29 

 
Compared to Rhod-2, Rhod-PEG also benefited from a 

low quantum yield in calcium free conditions (QY= 0.06%) 
but displayed a higher one in calcium-bound form (QY= 
24%), thus conferring Rhod-PEG an impressive 400-fold 
quantum yield fluorescence enhancement upon calcium 
binding. Titration curves fitted with Hill’s equation provid-
ed a slightly higher dissociation constant than Rhod-2 of 
748 ± 12 nM (Figure 2C). Since magnesium (Mg2+) is pre-
sent at high concentration in the cytosol of cells, we 
checked whether Mg2+ could interfere with the Ca2+ sensing 
ability of Rhod-PEG. Figure 2D shows that high concentra-
tions of Mg2+ does not provoke a significant fluorescence 
enhancement as well as does not disturb the Ca2+ sensing of 
Rhod-PEG (Figure 2D).  

 

 

Figure 2. Absorption (A) and emission (B) spectra of Rhod-PEG 
(1 µM) upon titration with increasing concentration of calcium, 0 
(EGTA 1 mM) to 39 µM Ca2+ (in 30 mM MOPS buffer, 100 mM 
KCl, pH 7.2). (C) Titration curves and the fit, according to Hill's 
equation, yielding the Kd. Fluorescence enhancement is ∆F/F0 
(F0= EGTA 1 mM). Each point represents the average of three 
independent experiments. (D) Influence of Mg2+ on the Ca2+ 
sensing ability of Rhod-PEG (1 µM). Excitation wavelength was 
at 530 nm. 

Photodegradation experiment of Rhod-PEG was also per-
formed and compared to Rhod-2 (Figure S1). Both sensors 
proved to be robust as Rhod-PEG displayed no loss of 
fluorescence intensity, whereas Rhod-2 lost only 20% of its 
intensity after 1-hour irradiation.  
We then checked whether a pH variation could interfere 
with the calcium probing of Rhod-PEG. Titration with 
solution of various pH showed a 1.6-fold decrease in fluo-
rescence intensity upon acidification, which is insignificant 
compared to the 200-fold increase upon calcium binding 
(Figure S2). Moreover, titration curve fitted with Hill’s 
equation provided a pKa value of 6.27 ± 0.03 which is 
significantly lower than in the pH-buffered cytosol. Never 
the less, the ability of Rhod-PEG to sense [Ca2+] variation 
was checked at pH 4 as crosstalk read-out can occur.30 The 
results showed that the fluorescence enhancement was 
dramatically decreased to 7.6-fold (Figure S3). This could 
be problematic for sensing [Ca2+] variations in endosomes 
or lysosomes, however Rhod-PEG was designed to diffuse 
freely in the cytosol by patching and therefore it should not 
follow the endosomal pathway.  

 

Figure 3. Two-photon excitation action cross-section spectra of 
Rhod-2 (A) and Rhod-PEG (B) in the presence of 1 mM Ca2+ (in 
30 mM MOPS, 100 mM KCl, pH 7.2). The reference used for 
measurements was rhodamine B. GM is Goeppert-Mayer unit. 

Finally the two-photon absorption spectra of Rhod-2 and 
Rhod-PEG were measured and compared. Indeed, in neuro-
science, patch clamp experiments are performed in brain 
slices at several µm depth, thus for better light penetration 
two-photon excitation imaging is required. The results 
showed that at 810 nm, Rhod-PEG benefit from an absorb-
ance cross-section value (δ) increased by 46% compared to 
Rhod 2 (Figure S4). Consequently, due to its higher quan-
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tum yield value compared to Rhod-2, Rhod-PEG displayed 
significant higher action cross-section values (δφ) and 
make it more suitable for two-photon excitation imaging 
(Figure 3).  
 

Non-specific interactions 
Encouraged by these results, we then investigated on the 
ability of Rhod-PEG in avoiding non-specific interactions 
with membranes. To this endeavor, Rhod-2 and Rhod-PEG 
(1 µM) were placed in the presence of an excess of lipo-
somes (200 µM of lipids) of different composition. The 
results showed that although Rhod-2 displayed an im-
portant fluorescence enhancement (between 3.6 and 4 fold) 
denoting interaction with membranes corresponding to 
hydrophobic interactions between the fluorophore and the 
lipids, Rhod-PEG displayed only very weak fluorescence 
intensity variations (Figure 4). These results tend to prove 
that the PEGylation of the fluorophore considerably reduce 
its affinity towards the membranes. 

 

Figure 4. Fluorescence enhancement (F/F0, F0= fluorescence 
intensity in phosphate buffer, 20 mM, pH 7.4) of Rhod-2 (1 µM) 
and Rhod-PEG (1 µM) in the presence of various compositions of 
liposomes (200 µM) in phosphate buffer (20 mM, pH 7.4). 
DOPC: 1,2-Dioleoyl-sn-glycero-3-phosphocholine; Ch: Choles-
terol ; SM : Sphingomyelin. DOPC/Ch (1 :0.9), SM/Ch (1 :0.9). 
Excitation wavelength was at 530 nm. 

In a next experiment, Rhod-2 and Rhod-PEG were 
placed at the same concentration (1 µM) in the presence of 
KB cells (sub-line of the tumour cell line HeLa), which 
were directly imaged by laser scanning confocal microsco-
py. First, it is noteworthy that Rhod-PEG displayed a more 
intense fluorescence in the Ca2+ rich extracellular media 
compared to Rhod-2 (Figure 5A and 5D). This difference 
can be attributed to its higher quantum yield value as well 
as its 10 nm red shifted excitation spectrum that enhances 
its excitation efficacy. The images showed that whereas 
Rhod-2 was used instead of its cell permeable version 
based on acetoxymethyl esters (Rhod-2-AM), it immediate-
ly penetrates the cells and stain mitochondria16 (Figure S5), 
Rhod-PEG displays a bright fluorescence in the medium 
leaving the cytoplasm unstained. Incubation for two hours 
in the presence of 1 µM of probes followed by washing 

steps led to the same results (Figure 5B and 5E). This com-
parison tends to show that the PEGylation of the fluoro-
phore prevents its interaction with the plasma membrane 
and therefore avoid its penetration in the cytosol. 

 

Figure 5. Laser scanning confocal microscopy images of KB cells 
in the presence of (A) Rhod-2 and (D) Rhod-PEG (1 µM) directly 
after addition and without any washing step. Images of KB cells 
incubated in opti-MEM with (B) Rhod-2 and (E) Rhod-PEG (1 
µM) for 2 hours at 37°C, the cells were washed two times with 
HBSS and visualized in HBSS. (C-F) ATP (100 µM) was used to 
reveal the presence of Rhod-PEG in case it was at its OFF state 
inside the cells. The probes were excited at 560 nm and the fluo-
rescence was collected between 570 and 700 nm with the same 
setting for Rhod-2 and Rhod-PEG. The nucleus was stained with 
Hoechst (5 µg/mL, blue color) and the plasma membrane with 
MemBright®-488 (200 nM, green color). 

 
Monitoring Ca2+ transients in neurons 
Encouraged by the enhanced features of Rhod-PEG 

compared to Rhod-2, we compared their ability to measure 
Ca2+ transients in neurons. Indeed, hydrophilic calcium 
probes are more suitable for patch-clamp recording exper-
iments in neuroscience where a glass pipette is filled with a 
solution containing a calcium probe that diffuses in the 
cytoplasm of the neuron along their thin axonal and den-
dritic processes. Pyramidal neurons were thus patched at 
the level of their soma with pipettes containing Rhod-PEG 
or Rhod-2 together with Alexa-488 dextran, to reveal the 
morphology of the cells (Figure 6A). We measured the 
Rhod-PEG or Rhod-2 basal fluorescence (F0) and the fluo-
rescence enhancement (ΔF/F0) induced by bursts of action 
potentials (see Materials and Methods), at different dis-
tances from the soma and at different time points after 
starting the intracellular dye dialysis. Rhod-PEG allowed 
the detection of action potential-induced calcium transients 
with a high sensitivity: the obtained ΔF/F0 values often 
exceeded 100% (Figure 6A) and was on average as large or 
larger than those obtained with Rhod-2 (Figure 6B). High 
signal to noise ratios were obtained in the dendrites at rela-
tively long distance from the soma (50 µm). Interestingly, 
reliable calcium transients could be measured more rapidly 
in the dendrite of neurons with Rhod-PEG than with Rhod-
2 (Figure 6B, C), probably as a result of reduced non-
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specific interactions with intracellular membranes of the 
former probe. In line with this observation, the ratios of 
basal fluorescence between the dendrites and the soma 
(F0dendrite/F0soma) were higher (up to 2-fold) with Rhod-
PEG than with Rhod-2 (Figure 6D). Identical observations 
were made when comparing Rhod-PEG and dextran-Alexa-
488 (Figure S6), the F0dendrite/F0soma ratios were 0.37 
and 0.76 respectively. Altogether, these results indicate that 
PEGylation leads to a faster and more efficient diffusion 
than Rhod-2 in the cytosol of thin neuronal dendrites and 
provide high sensitivity detection of cytosolic calcium 
fluctuations in these confined cellular processes. 

 

Figure 6. Comparison of the somatic and dendritic calcium signals 
measured with Rhod-2 and Rhod-PEG during trains of action 
potentials triggered in pyramidal cells of the mouse neocortex. 
(A), left: Two-photon imaging of a layer V neuron of the soma-
tosensory cortex, labeled with Alexa-488. The white line indicates 
the trajectory of the line scan. Right: Representation of the Rhod-
PEG florescence during the line scan. The vertical axis corre-
sponds to the scanned position (as shown on the image on the left) 
and the horizontal axis represents time (800 ms). The change in 
Rhod-PEG florescence is color-coded. Numbers indicate ROIs. 
Red traces on the right represent the Rhod-PEG signals induced 
by a train of action potentials (lower trace) at specific somatic and 
dendritic locations indicated by the numbers. S and E indicate the 
starting point and the end position of the line scan. (B), Quantita-
tive comparison of the Rhod-PEG and Rhod-2 signals at different 
time points after the beginning of the recordings at proximal and 
more distal dendritic locations. The numbers below the bars indi-
cate the number of measurements. (C), Percentage of neurons 

loaded with Rhod-PEG or Rhod-2 in which a calcium response 
was detected in the 30-60 µm distal part of the dendrites. (D), 
Comparison of the dendrite to soma ratio of the basal fluorescence 
for Rhod-PEG and Rhod-2 at different time points after the be-
ginning of the intracellular dialysis. The numbers below the bars 
indicate the number of patched neurons. Error bars represent 
mean ± S.E.M. *P<0.05, **P<0.01. (Unpaired t-test). #P<0.05 
(Chi squared test). 

 

CONCLUSION 
 
Newly developed Rhod-PEG combines the physicochemi-
cal advantages and reliability of molecular calcium probes 
with the hydrophilicity and stealth of the dextran conju-
gates. Indeed, the PEGylation of the fluorophore signifi-
cantly reduced the non-specific interactions with mem-
branes and mitochondria as well as enhanced the brightness 
and the fluorescence turn-on response of the Ca2+ probe. 
Consequently, Rhod-PEG, diffused more efficiently in 
neurons and in a faster way than its lipophilic version, 
Rhod-2. Additionally it was found to display higher sensi-
tivity at short times after patching. In conclusion, Rhod-
PEG is an improved alternative to the usual red-emitting 
calcium probes for sensing calcium transients in a reliable 
manner and at long distances from the neurons’ soma.  

 
Materials and methods 
 
Synthesis 
All starting materials for synthesis were purchased from Al-

fa Aesar, Sigma Aldrich or TCI Europe and used as received 
unless stated otherwise. NMR spectra were recorded on a 
Bruker Avance III 400 MHz spectrometer. Mass spectra were 
obtained using an Agilent Q-TOF 6520 mass spectrometer. 

 
Spectroscopy 
Milli-Q water (Millipore) was used in all experiments. Ab-

sorption and emission spectra were recorded on a Cary 400 
Scan ultraviolet–visible spectrophotometer (Varian) and a 
FluoroMax-4 spectrofluorometer (Horiba Jobin Yvon) 
equipped with a thermostated cell compartment, respectively. 
For standard recording of fluorescence spectra, the excitation 
wavelength was set to 530 nm and emission was recorded 
from 540 to 700 nm. All the spectra were corrected from 
wavelength-dependent response of the detector. The fluores-
cence and absorption spectra of the corresponding blank sus-
pension of lipid vesicles without the probe was subtracted 
from these spectra. The calcium buffer solutions ranging from 
0 to 39 µM were obtained from a calcium calibration buffer kit 
(ThermoFisher). Dioleoylphosphatidylcholine (DOPC), sphin-
gomyelin (SM), and cholesterol (Ch) were purchased from 
Sigma-Aldrich. Large unilamellar vesicles (LUVs) were ob-
tained by the extrusion method as previously described.31 
Briefly, a suspension of multilamellar vesicles was extruded 
by using a Lipex Biomembranes extruder (Vancouver, Cana-
da). The size of the filters was first 0.2 µm (7 passages) and 
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thereafter 0.1 µm (10 passages). This generates monodisperse 
LUVs with a mean diameter of 0.11 µm as measured with a 
Malvern Zetasizer Nano ZSP (Malvern, U.K.). LUVs were 
labelled by adding 5 µL of probe stock solution in dimethyl 
sulfoxide to 1 mL solutions of vesicles. A 20 mM phosphate 
buffer, pH 7.4, was used in these experiments. Molar ratios of 
probes to lipids were 1 to 200. 

 
TPE measurements 
Two-photon absorption cross-section measurements were 

performed using Rhodamine B in methanol as a calibration 
standard according to the method of Webb et al. Two-photon 
excitation was provided by an InSight DS + laser (Spectra 
Physics) with a pulse duration of 120 fs. The laser was focused 
with an achromatic lens (f = 2 cm) in a cuvette containing the 
dye (2.3 µM for Rhod-PEG, 4.7 µM for Rhod-2) in 1 mM Ca2+ 
MOPS (30 mM), KCl (100 mM), pH 7.2) and the spectra were 
recorded with a fibered spectrometer (Avantes) by collecting 
the fluorescence emission at 90° with a 20 × Olympus ob-
jective. 
 

Confocal imaging 
KB cells (ATCC® CCL-17) were grown in minimum essen-

tial medium (MEM, Gibco-Invitrogen) with 10% fetal bovine 
serum (FBS, Lonza), 1% non-essential amino acids (Gibco-
Invitrogen), 1% MEM vitamin solution (Gibco-Invitrogen), 
1% L-Glutamine (Sigma Aldrich) and 0.1% antibiotic solution 
(gentamicin, Sigma-Aldrich) at 37° C in humidified atmos-
phere containing 5% CO2. Cells were seeded onto a cham-
bered coverglass (IBiDi®) at a density of 5×104 cells/well 24h 
before the microscopy measurement. For imaging, the culture 
medium was removed and the attached cells were washed with 
Opti-MEM (Gibco–Invitrogen). Next, the cells were incubated 
in Opti-MEM with Hoechst (5 µg/mL) to stain the nuclei (blue 
colour) and in the presence of Rhod-2 (1 µM) or Rhod-PEG (1 
µM) for 2 hours (red colour), the cells were washed two times 
with HBSS and visualized in HBSS. The plasma membrane 
was stained with MemBright®-488 (200 nM) prior to imaging 
(green colour). To reach a concentration of ATP of 100 µM, 
100 µL of a 1.1 mM solution of ATP was added to the 1 mL 
cell medium. 

 
Slice preparation 
All experiments were approved by the ethics committee of 

the University of Paris Descartes (registered numbers 
CEEA34.EA.027.11 and CEEA16-032) and followed guide-
lines of the European Union for the care and use of laboratory 
animals (Council directive 86/609EC). 3 to 4 weeks C57BL/6 
wild-type mouse were anaesthetized with isoflurane and de-
capitated. Cortical slices (300 µm) were prepared in an ice-
cold solution containing (in mM): 1 CaCl2 and 5 MgCl2, 215 
Sucrose, 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 20 Glucose, 5 
Sodium pyruvate, bubbled with 5% CO2 and 95% O2, pH 7.4, 
310 mOsm. After cutting, slices were immersed at 34°C for 
30-40 mins and then maintained at room temperature for 0.5-4 
h in 5% CO2 and 95% O2 saturated artificial cerebrospinal 
fluid (aCSF) containing (in mM): 1 MgCl2, 2 CaCl2, 126 

NaCl, 2.5 KCl, 26 NaHCO3, 1.25 NaH2PO4, 20 D-glucose, and 
1 Sodium pyruvate, pH 7.4, 310 mOsm. 

 
Electrophysiology 
Slices were immersed into a recording chamber perfused 

with aCSF (3 ml/min, 32°C). Whole-cell current-clamp re-
cordings were performed in layer V pyramidal neurons of 
somatosensory cortex with glass pipettes (4-6 M) filled with 
an intracellular solution containing (in mM): 10 KCl, 0.5 
EGTA, 125 K-Gluconate, 2 MgCl2, 10 HEPES, 0.4 Na+-GTP, 
4 ATP-Na2, 10 Phosphocreatine disodium salt, 0.025 Alexa-
488 hydrazide sodium salt and 0.1 Rhod-2 or Rhod-PEG, pH 
7.4, 280-290 mOsm. An Axopatch 200B (Molecular Devices) 
amplifier was used to perform patch-clamp recordings. Elec-
tronic signals were filtered at 5 KHz and sampled at 10 KHz. 

 
Two-photon calcium imaging 
Fluorescence was imaged using a 40×water-immersion ob-

jective (Olympus) with a custom-built two-photon laser-
scanning microscope. Broken line scan acquisition (~100Hz, 
0.8 s, repeated 4 times with an interval 15 s) with a custom-
made software (LabVIEW, National Instruments) was per-
formed every 5 mins after establishing the whole-cell configu-
ration to measure calcium signals in the soma and the den-
drites of the recorded neurons. During calcium imaging acqui-
sition, we triggered 10 action potentials (10 pulses of 2 ms 
duration at 50Hz) by injecting currents of appropriate ampli-
tude through the patch pipette to induce calcium signals in 
soma and dendrites. Alexa-488 and Rhod-2/Rhod-PEG fluor-
ophores were excited at 830 nm, the two emission signals 
were separated by a dichroic (560 nm) and collected by two 
different photomultiplier tubes (PMT). 

Calcium signals were analyzed in region of interest (ROI) 
covering the soma and dendrites during line scan imaging. For 
analysis, fluorescent signals were filtered at 5 Hz in Clampfit 
(Molecular Devices) and normalized changes in Rhod-2/Rhod-
PEG fluorescence were calculated as ΔF/F0=(F−F0)/F0. Calci-
um signals triggered by spike trains were identified by setting 
a threshold of 2 standard deviations of the baseline signal (i.e. 
before stimulation) and measured at their peak amplitude.  
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