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Properties of the new fluorescent Na+ indicator CoroNa Green:
Comparison with SBFI and confocal Na+ imaging
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bstract

Neuronal activity causes substantial Na+ transients in fine cellular processes such as dendrites and spines. The physiological consequences of
uch Na+ transients are still largely unknown. High-resolution Na+ imaging is pivotal to study these questions, and, up to now, two-photon imaging
ith the fluorescent Na+ indicator sodium-binding benzofuran isophthalate (SBFI) has been the primary method of choice. Recently, a new Na+

ndicator dye, CoroNa Green (CoroNa), that has its absorbance maximum at 492 nm, has become available. In the present study, we have compared
he properties of SBFI with those of CoroNa by performing Na+ measurements in neurons of hippocampal slices. We show that CoroNa is suitable
or measurement of Na+ transients using non-confocal wide-field imaging with a CCD camera. However, substantial transmembrane dye leakage
nd lower Na+ sensitivity are clearly disadvantages when compared to SBFI. We also tested CoroNa for its suitability for high-resolution imaging

f Na+ transients using a confocal laser scanning system. We demonstrate that CoroNa, in contrast to SBFI, can be employed for confocal imaging
sing a conventional argon laser and report the first Na+ measurements in dendrites using this dye. In conclusion, CoroNa may prove to be a
aluable tool for confocal Na+ imaging in fine cellular processes.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The inwardly directed Na+ gradient energizes the vast
ajority of transport systems across the plasma membrane and

s critical for homeostasis of intracellular ions such as Ca2+ or
rotons and for reuptake of transmitters in the brain (Maragakis
nd Rothstein, 2004; Rose, 1997). Consequently, Na+ entry is
significant factor in cellular brain damage observed following

iverse pathological conditions (Pinelis et al., 1994; Pisani et
l., 1998; Chen et al., 1999; Chatton et al., 2000; Sheldon et al.,
004b; Magistretti and Chatton, 2005). Moreover, Na+ ions are
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he major charge carriers during action potentials and excitatory
ostsynaptic currents in most neurons. Besides their purely
omeostatic function, several studies indicate that Na+ ions
ave a signaling function and play a role in activity-dependent
ynaptic plasticity (Bouron and Reuter, 1996; Chatton et al.,
000; Chinopoulos et al., 2000; Linden et al., 1993; Rishal et
l., 2003; Yu and Salter, 1998).

In contrast to large-volume fibers, in which electrical sig-
aling requires only small ionic fluxes and does not change
he intracellular Na+ concentration ([Na+]i) significantly (e.g.
odgkin and Huxley, 1952) activity-induced Na+ accumulations
ave been reported from fine cellular processes such as dendrites
Callaway and Ross, 1997; Jaffe et al., 1992; Knöpfel et al., 2000;
asser-Ross and Ross, 1992). In hippocampal neurons, synaptic
timulation causes [Na+]i transients of about 10 mM in dendrites
nd of up to 35–40 mM in dendritic spines (Rose et al., 1999;
ose and Konnerth, 2001).

Many questions concerning the physiological consequences

f [Na+]i transients and the role of Na+ ions in intracellular
ignaling are still open. Clearly, high-resolution [Na+]i imag-
ng close to synapses and in axons is necessary to answer these
uestions. In contrast to imaging intracellular Ca2+ transients,
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igh-resolution [Na+]i imaging has been, up to date, a rather
edious and difficult task. This is partly due to the scarcity of
uitable fluorescent indicator dyes. Imaging with the sodium
ndicator Sodium Green, which has its absorption maximum
round 488 nm, has been proven useful in a variety of studies
Friedman and Haddad, 1994; Senatorov et al., 2000; Winslow
t al., 2002). However, interactions of this dye with cellular pro-
eins can hinder reliable measurements (Despa et al., 2000). The
est established Na+-sensitive fluorescent dye, sodium-binding
enzofuran isophthalate (SBFI) (Minta and Tsien, 1989), must
e excited below 400 nm, and can only be employed in confocal
maging when special UV-lasers are used. Although conven-
ional fluorescence imaging allows detection of [Na+]i tran-
ients in dendrites (Callaway and Ross, 1997; Jaffe et al., 1992;
nöpfel et al., 2000; Lasser-Ross and Ross, 1992; Miyakawa et

l., 1992; Ross et al., 1993; Tsubokawa et al., 1999), the analysis
f the spatial distribution of Na+ signals or measurements in fine
endrites and spines in the intact tissue with SBFI require two-
hoton imaging (Rose et al., 1999). This technique, however, is
ot applicable for many laboratories because of its high costs
or purchase and maintenance.

Recently, a new, green-fluorescent Na+ indicator dye, CoroNa
reen (CoroNa), has become available (Invitrogen/Molecular
robes). The absorbance maximum of CoroNa is near 492 nm,
hich makes it suitable for excitation by argon lasers commonly
sed in confocal microscopy. According to the manufacturer
Invitrogen), CoroNa is brighter and exhibits larger changes in
uorescence after binding of sodium as compared to Sodium
reen. In the present study, we compared the properties of
oroNa with those of SBFI to assess the suitability of the for-
er for imaging of [Na+]i transients in neurons in situ with both
ide-field and high-resolution confocal imaging. We demon-

trate that CoroNa is a suitable tool for measurement of [Na+]i
ransients using conventional wide-field imaging and report the
rst confocal [Na+]i measurements in fine dendrites in acute
rain slices using this dye.

. Methods

.1. Tissue preparation and patch-clamp recordings

Balb/c mice (10–13 days old) were anesthetized and decap-
tated. Parasagittal hippocampal slices (250 �m) were prepared
s described previously (Edwards et al., 1989). After section-
ng, slices were kept in physiological saline for 30 min at 34 ◦C
nd then at 25 ◦C for up to 7 h. Standard techniques were used
or somatic whole-cell patch-clamp recordings (Edwards et al.,
989). CA1 pyramidal cells were generally held at membrane
otentials of −60 to −65 mV.

The intracellular solution for patch-clamp experiments con-
ained: 120 mM K-gluconate, 10 mM Hepes, 32 mM KCl,
mM NaCl, 0.16 mM EGTA, 4 mM Mg-ATP, 0.4 mM Na-GTP,
.5 mM SBFI (tetraammonium salt of sodium-binding benzo-

uran isophthalate; Molecular Probes/Invitrogen) or CoroNa
reen (Molecular Probes/Invitrogen) and was titrated with KOH

o a pH of 7.3. During experiments, slices were perfused with
hysiological saline containing: 125 mM NaCl, 2.5 mM KCl,

o
9

w
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.25 mM NaH2PO4, 26 mM NaHCO3, 2 mM CaCl2, 1 mM
gCl2, 20 mM glucose; continuously bubbled with 95% O2/5%
O2 resulting in a pH of 7.4. Experiments were performed at

oom temperature (22–24 ◦C). �-Amino-3-hydroxy-5-methyl-
-isoxazolepropionate (AMPA) was applied by a picospritzer
Intracel) coupled to standard micropipettes placed at a distance
f approximately 15 �m above the cell soma. Glutamate (50 or
00 mM) was applied iontophoretically with fine glass pipettes
laced at a distance of 10–15 �m from a dendrite of interest.

.2. Na+ imaging

Conventional, wide-field fluorescence imaging was per-
ormed using a variable scan digital imaging system (TILL
hotonics) attached to an upright microscope (Zeiss Axioskop,
0× water immersion objective) and a CCD camera as sen-
or (TILL Imago Super-VGA). Hippocampal CA1 pyramidal
eurons were loaded with the fluorescent dye SBFI or CoroNa
CoroNa Green) either by injection of the membrane-permeable
M-form of the dye into the stratum radiatum as described

arlier (Stosiek et al., 2003) or by direct intracellular load-
ng through a patch-pipette. For wide-field imaging with SBFI,
ackground-corrected fluorescence signals from the cell bodies
>410 nm) were collected after alternate excitation at 345 nm
isosbestic point) and at 385 nm (Na+-sensitive wavelength),
nd the fluorescence ratio (345 nm/385 nm) was calculated. For
ide-field imaging with CoroNa, cells were excited at 492 nm

nd background-corrected fluorescence above 515 nm was col-
ected. CoroNa data were expressed as changes in fluorescence
mission compared to baseline fluorescence (�F/F) and SBFI
easurements as changes in fluorescence ratio compared to

aseline ratio (�R/R) using Igor Pro software (Wavemetrics)
or analyses, unless otherwise stated. Images were acquired at
–2 Hz, except during calibration experiments, where images
ere taken every 5 or 10 s.
Confocal imaging was performed in combination with whole-

ell recording using a confocal laser scanning microscope (“Oz”,
oran, 488 nm argon-ion laser), attached to an upright micro-

cope (Olympus, 60× water immersion objective). Fluores-
ence images were acquired at 30 Hz and imaging was started
t least 30 min after establishing the whole-cell configuration.
ull-frame images were analyzed off-line with custom-made
oftware based on LABVIEW (National Instruments). Na+-
ransients were recorded in regions of interest along secondary
pical dendrites.

.3. Calibration

For in vitro calibration of CoroNa, calibration solutions con-
ained: 100 �M CoroNa, 170 mM [Na+] + [K+], 30 mM [Cl−],
0 mM Hepes and 136 mM gluconate. Solutions were titrated
o pH 7.3 with KOH. Background-corrected fluorescence exci-
ation spectra for wavelengths between 400 and 509 nm were

btained for solutions with Na+ concentrations of 0, 15, 30, 60,
0, 120, 150 or 170 mM using the TILL Photonics system.

In situ calibration of SBFI or CoroNa Green fluorescence
as performed as described earlier (Rose et al., 1999; Rose
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Fig. 1. Dye loading of CA1 pyramidal neurons in hippocampal slices. (A)
Left panel: Fluorescence emission of CoroNa excited at 492 nm following an
injection of the AM–ester form of the dye into the stratum radiatum for 10 s.
Fluorescence emission from cell bodies increased rapidly after the injection,
but then dropped again to levels close to background within 90–120 min. This
drop continued while switching off the excitation light (white box). Right panel:
Injection of SBFI–AM resulted in stable dye loading and fluorescence emission
of cells (excitation wavelength 385 nm). (B) Delivery of either CoroNa or SBFI
through the patch-pipette during whole-cell patch-clamp resulted in a stable flu-
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nd Ransom, 1996, 1997b). Calibration solutions contained:
70 mM (Na+ + K+), 30 mM Cl−, 136 mM gluconate, 10 mM
epes, pH 7.3 and 3 �M gramicidin D, 10 �M monensin and
00 �M ouabain. For analysis of non-ratiometric experiments,
e only included cells in which the fluorescence emission at
mM Na+ at the start and the end of the experiment did not
iffer by more than 20%.

. Results

SBFI (Minta and Tsien, 1989) is similar to the well-known
atiometric calcium-sensitive dye Fura-2 (Grynkiewicz et al.,
985). It is established for measurements of [Na+]i in many
ell types, and up to now, the most widely used fluorescent Na+

ndicator dye (Rose, 2003). The optimal Na+-sensitive excitation
avelength of SBFI inside the cell is between 380 and 390 nm,
hereas its isosbestic point is found near 345 nm. When Na+

s bound to SBFI, its fluorescence quantum yield increases, its
xcitation peak narrows and its excitation maximum shifts to
horter wavelengths, causing a significant change in the ratio of
uorescence intensities excited at 345 nm/385 nm. In contrast,

he recently developed Na+-sensitive fluorescent dye CoroNa is
non-ratiometric green-fluorescent Na+ indicator that exhibits

n increase in fluorescence emission intensity upon binding Na+,
ith little shift in wavelength. The in vitro absorption maximum
f CoroNa is at 492 nm, which makes it suitable for excitation
y argon lasers commonly used in confocal microscopy.

.1. Intracellular dye loading

Use of membrane-permeant acetoxymethyl (AM) esters of
uorescent dyes is a convenient and non-invasive method which
nables the loading of many cells at a time and allows both the
tudy of single cells and of network activities (Peterlin et al.,
000; Rose and Ransom, 1997a; Stosiek et al., 2003). To test
he suitability of CoroNa for this loading technique in compar-
son to SBFI, the AM forms of CoroNa or SBFI were injected
nto the stratum radiatum close to the pyramidal cell layer at

concentration of 0.8 mM using a micropipette coupled to a
icospritzer as described earlier (Stosiek et al., 2003).

Injection of CoroNa–AM resulted in a rapid increase in the
uorescence emission of CA1 pyramidal neurons when excited
t 492 nm. Fluorescence emission from cell bodies reached its
aximum at about 5 min after injection, but then dropped to

evels close to background within 90–120 min (n = 4; Fig. 1A).
his drop was not due to dye bleaching, as it was not halted by
witching off the excitation light (Fig. 1A, white box). In con-
rast, injection of SBFI–AM resulted in stable dye loading and
uorescence emission from cell bodies for several hours (excita-

ion wavelength 385 nm; n = 3; Fig. 1A), as described previously
or other fluorescent indicator dyes (Peterlin et al., 2000; Stosiek
t al., 2003).

Including the membrane-impermeant form of either dye into

patch-pipette resulted in a maximal fluorescence emission

rom cell bodies within 2–5 min after establishing the whole-
ell patch-clamp mode (CoroNa: n = 5, SBFI: n = 3; Fig. 1B).
he emission of CoroNa stayed at this level for as long as the

0
c
a
g

rescence emission within a few minutes after breakthrough when excited at 492
nd 385 nm, respectively. F (a.u.): fluorescence emission, depicted as arbitrary
nits.

hole-cell configuration was maintained, but dropped steadily
hen the pipette was withdrawn from the cell (n = 3; not shown).

n contrast, the fluorescence emission of SBFI-filled cells was
table for several hours even after removal of the patch-pipette
n = 6; not shown) as reported earlier (Rose et al., 1999).

These experiments demonstrate that CoroNa, in contrast to
BFI, is not suitable for conventional ester loading or brief load-

ng through a patch-pipette because the dye is lost quickly from
he intracellular compartment. Stable intracellular dye concen-
rations can, however, be obtained by constant delivery of the dye
uch as through a patch-pipette during whole-cell patch-clamp
ecordings.

.2. Na+-sensitivity of CoroNa and SBFI

According to the manufacturer, the Kd of CoroNa in the
est tube is around 80 mM. To determine the Na+-sensitivity of
oroNa in our hands, we first performed an in vitro calibration.
luorescence emission was measured above 515 nm for excita-

ion wavelengths from 400 to 509 nm at Na+ concentrations of

, 15, 30, 60, 90, 120, 150 or 170 mM (n = 3; Fig. 2A). Fluores-
ence emission peaked at excitation wavelengths between 492
nd 496 nm at all Na+ concentrations, confirming the spectra
iven by the manufacturer. Plotting the difference in fluores-
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Fig. 2. Calibration of the sensitivity of CoroNa and SBFI to changes in [Na+]. (A) For in vitro calibration of CoroNa, the background-corrected fluorescence emission
above 515 nm was measured in a test chamber for excitation wavelengths (λex) from 400 to 509 nm at Na+ concentrations of 0, 15, 30, 60, 90, 120, 150 or 170 mM.
In the inset, the change in fluorescence emission normalized to 0 mM Na+ (�F/F0) is plotted against the Na+ concentration, revealing a virtually linear relationship
(λex 492 nm). (B) Calibration of the Na+ sensitivity of CoroNa and SBFI in CA1 pyramidal cells. Cells were loaded through the patch-pipette and then objected
to a calibration solution containing ionophores. Stepwise changes in the extracellular Na+ concentration from 0 to 150 mM and back caused stepwise changes in
the fluorescence emission of CoroNa (�F/F0) and fluorescence ratio of SBFI (�R/R0). (C) Left panel: Relationship between changes in fluorescence emission/ratio
and [Na+]i. Shown are mean values ± S.E. Dashed black line: Calibration of SBFI with patch-pipette attached (n = 5); solid black line: SBFI with pipette withdrawn
(n = 4). Dashed red line: CoroNa with pipette attached (n = 5); solid red line: corrected calibration curve for CoroNa, adjusted for the presumed inefficient equilibration
of extra- and intracellular Na+ (see text). Right panel: Regression lines for the calibration data of SBFI obtained without pipette (dotted black line) and the corrected
CoroNa data (dotted red line) demonstrate a linear relationship between changes in fluorescence emission and [Na+] in the range between 0 and 80% �F/F0. The
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lopes reveal that, within this range, a 50% change in fluorescence emission c
hange of about 28 mM Na+ when determined with CoroNa. (For interpretatio
ersion of the article.)

ence emission at 492 nm normalized to 0 mM Na+ (�F/F0)
gainst the Na+ concentration revealed a basically linear rela-
ionship and no saturation in this concentration range (Fig. 2A).
lthough the in vitro Kd could not be determined properly from

hese data, its apparent value is at least 80 mM. Calibration
ith higher Na+ concentrations was not performed because this

mplied the use of solutions with higher (and therefore, unphys-
ological) osmolarity.

The spectral properties of SBFI when calibrated in a cell free
ystem differ significantly from those in an intracellular envi-
onment (Harootunian et al., 1989; Rose and Ransom, 1996).

herefore, we also performed calibrations of the Na+-sensitivity
f CoroNa in situ and compared those with in situ calibrations of
BFI. For these experiments, CA1 pyramidal cells were loaded
ith either dye in the whole-cell patch-clamp mode. Subse-

c
a
w
p

onds to a change of about 16 mM Na+ when determined with SBFI, and to a
he references to colour in this figure legend, the reader is referred to the web

uently, a calibration cocktail containing 3 �M gramicidin (Na+

onophore), 10 �M monensin (Na+/H+ carrier) and 100 �M
uabain (Na+/K+-ATPase blocker) to promote rapid exchange
nd equilibration of Na+ across the plasma membrane was per-
used (Rose et al., 1999; Rose and Ransom, 1996). Stepwise
hanges of the extracellular Na+ concentration then resulted in
tepwise changes in fluorescence (Fig. 2B). The change in flu-
rescence ratio of SBFI (�R) at each Na+ concentration was
ormalized to the emission ratio at 0 mM Na+ (�R/R0). For
easurements with CoroNa, changes in fluorescence emission

�F) were normalized correspondingly (�F/F0). Calibration

urves were then generated from these data (Fig. 2C). For these
nd all following experiments, CoroNa was excited at 492 nm,
hereas SBFI was excited alternately at 345 nm (isosbestic
oint) and 385 nm (Na+-sensitive wavelength) and the ratio in
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Fig. 3. Determination of CoroNa’s sensitivity to discriminate between changes
in [Na+]i versus changes in [K+]i. A neuron was stimulated with two series
(arrowheads) of 20 voltage steps from −65 to 10 mV (inset). This stimulation
resulted in Na+-currents followed by K+-currents (upper traces show the first
five and the last evoked current). The stimulation evoked a transient increase
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BFI’s fluorescence emission (345 nm/385 nm) was calculated.
or measurements with SBFI, increases in the Na+ concentra-

ion are, therefore, reflected in increases in the fluorescence ratio
Fig. 2B).

To prevent a decrease in fluorescence due to loss of CoroNa
rom the cell during calibration (see above), the patch-pipette
as kept attached to the cell body throughout the entire exper-

ment (n = 5). This approach not only guaranteed a stable intra-
ellular dye concentration (Fig. 1B), but also caused diffu-
ion of Na+ between the pipette solution (containing 4 mM
a+) and the cytosol during calibration. To estimate the error

esulting from diffusion of Na+ through the tip of the pipette,
e compared calibration curves of SBFI in whole-cell mode

n = 5; Fig. 2C, dashed black line) and with pipette withdrawn
n = 4; Fig. 2C, solid black line). For both calibration curves,
he relationship between SBFI fluorescence and [Na+]i fol-
ows Michaelis–Menten kinetics, as demonstrated earlier (e.g.
onoso et al., 1992; Rose et al., 1999; Diarra et al., 2001).
lotting the data of SBFI’s calibration without pipette in a
ineweaver–Burk diagram (1/(�R/R0) versus l/[Na+]i) revealed
βKd (apparent Kd) of 51.54 mM and a β (ratio of the flu-

rescence of the bound dye to the free (unbound) dye) of
.36. According to the calibration equations established by
Grynkiewicz et al., 1985), this resulted in a Kd of 21.8 mM,
onfirming values published earlier (e.g. Donoso et al., 1992;
ose et al., 1999; Diarra et al., 2001; Sheldon et al., 2004a). In
ontrast, the Kd of SBFI appeared nearly twice as high when
he pipette was still attached (Fig. 2C). We reasoned that the
hift in calibration curves resulted from an incomplete equili-
ration of extra- and intracellular Na+ concentrations, caused
y the presence of the pipette (4 mM sodium). Given that each
R/R0 value of SBFI corresponds to a specific intracellular
a+ concentration we used the SBFI calibration curve obtained
ithout the pipette in order to determine the actual Na+ concen-

rations inside the cell when the calibration was performed with
he pipette attached. Under our experimental conditions (pipette
esistances 4.6–4.9 M�, same perfusion velocity and ionophore
oncentrations) extracellular Na+ concentrations of 15, 30, 60,
0, 120 and 150 mM resulted in intracellular concentrations of
.2, 16.7, 29.9, 41.4, 50 and 60.7 mM, respectively, during the
alibration with pipette attached. Based on these results we cor-
ected the calibration curve of CoroNa (Fig. 2C, dashed red
ine) for the presumed incomplete equilibration of extra- and
ntracellular Na+ concentrations. This correction resulted in a
hift of the curve to the left and in a significant increase in its
lope (Fig. 2C, solid red line). As for the in vitro calibration,
he relationship between the measured �F/F0 and the presumed
ntracellular Na+ concentration was linear and did not approach
aturation up to the highest extracellular Na+ concentration used
150 mM), precluding a proper determination of the apparent
d of CoroNa. However, the calibration data clearly show that

he apparent Kd of CoroNa is significantly higher than that
f SBFI.
For both SBFI (without pipette) and the corrected CoroNa
alibration data, the correlation between �F/F0 and the Na+

oncentration was linear up to about 80% �F/F0 (Fig. 2C, right
anel). The linear regression lines revealed that within this range,

c
w
[
t

n the CoroNa-fluorescence in the cell body, which was reversibly blocked by
00 nM tetrodotoxin (TTX). Data are expressed as changes in fluorescence (�F)
ivided by the baseline fluorescence before the stimulation (F).

change in the fluorescence emission (�F/F) of 50% corre-
ponds to a [Na+]i change of 16.3 mM when determined with
BFI, and to a [Na+]i change of about 27.7 mM when determined
ith CoroNa.
To analyze a possible cross-sensitivity of CoroNa with K+,

oltage-clamped CA1 pyramidal neurons were depolarized by
series of voltage steps that induced sequences of Na+-inward,

ollowed by K+-outward currents (Rose et al., 1999; Fig. 3,
nset). This stimulation was accompanied by a transient increase
n CoroNa emission from the cell body, indicating an increase
n [Na+]i. During perfusion with tetrodotoxin, both the Na+ cur-
ents and the increase in fluorescence were reversibly abolished,
hile the K+-currents persisted (n = 4; Fig. 3). As previously

eported for SBFI (Rose et al., 1999), these results demonstrate
hat the sensitivity of CoroNa to changes in intracellular [K+]
as negligible under our experimental conditions.

.3. Na+ transients induced by application of AMPA

To determine the suitability of CoroNa as compared to SBFI
or measurement of agonist-induced [Na+]i transients in intact
ells, we performed experiments, in which the ionotropic gluta-
ate receptor agonist AMPA was locally applied to cell bodies

f hippocampal CA1 pyramidal neurons by pressure ejection
rom fine micropipettes. Fluorescence emission and membrane
urrents were recorded simultaneously from the cell bodies.
or both dyes, increasing the duration of the AMPA appli-

ation from 20 to 100 ms increased the membrane current as
ell as the amplitude of fluorescence changes, reflecting larger

Na+]i transients with increasing currents through AMPA recep-
ors (n = 4 for CoroNa, n = 3 for SBFI; Fig. 4A and B). As
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Fig. 4. AMPA-induced Na+ transients. (A and B) Local pressure application of the non-NMDA receptor agonist AMPA for 20, 50 and 100 ms to cell bodies of CA1
pyramidal cells evoked both Na+ transients and inward currents. (A) Measurements with CoroNa; (B) measurements with SBFI; (C) the AMPA-receptor blocker
CNQX reversibly blocked AMPA-induced Na+ transients, determined with CoroNa, and inward currents; (D) relationship between fluorescence transients (�F/F
f plicat
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or CoroNa, filled squares; �R/R for SBFI, open squares) elicited by AMPA ap
rea under the curve (n = 3 cells for SBFI; n = 4 cells for CoroNa). The slope o
dashed line) than for CoroNa (solid line).

xpected, the AMPA-induced [Na+]i transients and inward cur-
ents were reversibly blocked by application of the AMPA recep-
or antagonist CNQX (6-cyano-7-nitroqionoxaline-2,3-dione,
0 �M) (n = 3, CoroNa; Fig. 4).

Calculation of absolute Na+ concentrations based on the
esults of the in situ calibration (see Fig. 2C), revealed com-
arable [Na+]i transients following AMPA-induced currents for
easurements performed using CoroNa or SBFI. Moreover, the

inetics of AMPA-induced [Na+]i signals did not substantially
iffer between the two dyes, despite their difference in molecular
eight and Kd values. However, as expected from the cali-
ration, the Na+-dependent changes in fluorescence emission
iffered significantly. To compare Na+-dependent �F/F val-
es of both dyes, we plotted their peak fluorescence amplitudes
gainst the total charge of the corresponding inward currents,
nd corresponding Na+-influx, respectively (Fig. 4D). The slope

f the linear regression line generated from these data was 1.5
imes higher for SBFI than for CoroNa. This result is in good
greement with the results obtained from the in situ calibration
Fig. 2C).

p
o
t
d

ion and total charge of the corresponding inward currents, calculated from the
inear regression line generated from these data was 1.5 times higher for SBFI

.4. Confocal Na+ imaging in dendrites using CoroNa

To test the suitability of CoroNa for confocal measurements
n dendrites, CA1 pyramidal cells were filled with 0.5 mM
oroNa through the patch-pipette. Imaging experiments were

tarted at least 30 min after rupturing the patch to ensure diffu-
ion of the dye into the distal parts of the cell (n = 4). After this
oading time, the entire dendritic tree of the cells was clearly
isible when excited at 488 nm (Fig. 5A). A dendrite was cho-
en and a fine glass pipette was positioned in close proximity
10–15 �m) to this dendrite. Iontophoretic ejection of glutamate
or a few milliseconds (3–10 ms) evoked an inward current and
local increase in the fluorescence emission of CoroNa, indi-

ating a local [Na+]i increase in the dendrite (n = 6; Fig. 5B).
Fig. 5B shows the [Na+]i transients induced by glutamate,

long different regions of a secondary apical dendrite of a CA1

yramidal neuron. With increasing distance from the region
f maximal response, presumably the site of activation of glu-
amate receptors, the peak amplitudes of the [Na+]i transients
eclined and were reached at later time points. With glutamate
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Fig. 5. Glutamate-induced Na+ transients in dendrites of CA1 pyramidal cells revealed by confocal imaging. (A) Reconstruction of a CA1 pyramidal neuron filled
with CoroNa. The box denotes the dendritic region where the experiments illustrated in (B) were performed. (B) Upper left: Image of the apical dendrite that was
chosen for the glutamate application. The position of the application pipette is schematically indicated on the left. The numbered, dashed lines indicate the regions
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f interest in which the sodium transients were measured using CoroNa. Right:
ransient is largest in the dendritic region closest to the application pipette (reg
oltage-clamp configuration at the cell soma.

pplications of only 3 ms, dendritic �F/F values in the region of
aximal response reached about 30%. If one assumed similar

alibration properties of CoroNa for confocal and conventional
maging, this corresponded to a glutamate-induced [Na+]i
ncrease of about 17 mM in the dendrite.

Taken together, these results demonstrate that CoroNa is
ell suited for detection of local [Na+]i transients that occur

n dendritic domains near the site of activation of glutamate
eceptors.

. Discussion

In this study, we compare the properties of CoroNa Green, a
ewly developed non-ratiometric sodium indicator, excited by
reen light of about 490 nm, with those of SBFI, which is a well-
stablished ratiometric indicator excitable in the UV-range. Our
omparison is based on experiments in CA1 pyramidal cells in
cute slices of the mouse hippocampus performed with conven-
ional epifluorescence wide-field microscopy. In addition, we
ested CoroNa for its suitability for confocal imaging of [Na+]i
ransients in dendrites using a confocal laser scanning micro-
cope and excitation at 488 nm.

.1. Basic properties of CoroNa as compared to SBFI

As established by many earlier studies (e.g. Jaffe et al., 1992;
ose et al., 1999; Rose and Ransom, 1996; Knöpfel et al., 1998;

hatton et al., 2000; Diarra et al., 2001), SBFI proved to be well

uited for both passive AM–ester loading and for loading of
ingle cells with a patch-pipette. In contrast, application of the
M–ester of CoroNa did not result in stable intracellular dye

r
m
i
l

ritic Na+ transients induced by glutamate applications (10, 5 or 3 ms). The Na+

. Lower left: Corresponding currents (10, 5, 3 ms), recorded in the whole-cell

oncentrations. Even loading of the presumably membrane-
mpermeable form of the dye into cells through a patch-pipette
as followed by significant dye loss when the dye-containing
ipette was removed from the cell. Significant decrease in
uorescence emission following intracellular injection of
oroNa was also observed in a recent study by Nikolaeva et al.

2005). Our study shows, however, that permanent dye delivery
hrough a patch-pipette yields a constant basal fluorescence
mission and dye concentration, respectively. Apparently,
he molecular structure of CoroNa, comprising a fluorescein

olecule linked to a crown ether, does not confer sufficient
embrane impermeability to effectively trap the dye inside the

ell. We conclude that quantitative determination of the Na+

oncentration using CoroNa, which requires stable intracellular
ye concentrations, requires permanent dye delivery in the
hole-cell patch-clamp mode or constant dye injection through

n intracellular microelectrode.
Our calibration studies revealed a Kd of SBFI of 21.8 mM,

hich is close to Kd values reported earlier (e.g. Donoso et
l., 1992; Rose et al., 1999; Rose and Ransom, 1996; Diarra et
l., 2001), whereas the Kd of CoroNa was considerably higher.
d values determined for Sodium Green are in the range of
1–30 mM (Despa et al., 2000, Invitrogen). Thus, CoroNa might
e better suited than both SBFI and Sodium Green to accurately
esolve very large Na+ transients or Na+ changes at high back-
round Na+ concentration.

The calibrations demonstrated that both SBFI and CoroNa

eliably report [Na+]i changes and are suited for the measure-
ent of [Na+]i alterations that are expected to occur during phys-

ological conditions. However, both calibration experiments and
ocal AMPA applications showed that CoroNa exhibits signif-
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cantly smaller changes in the fluorescence emission (�F/F)
ith changes in [Na+]i between 0 and about 50 mM [Na+]i

han SBFI.
The molecular weight of CoroNa is roughly half that of

BFI (586 g/mol versus 907 g/mol), probably resulting in a faster
ntracellular diffusion. However, CoroNa and SBFI, despite their
ifference in molecular weight and Kd values, reported similar
mplitudes and kinetics for AMPA-induced [Na+]i signals. A
ikely reason for this observation is that the dye concentration
0.5 mM) was small as compared to the baseline [Na+]i (presum-
bly 4 mM; intracellular pipette solution). Therefore, neither dye
pparently distorted the [Na+]i signals significantly due to their
uffering of Na+.

Taken together, we conclude that the use of SBFI is
learly advantageous when performing experiments with con-
entional epifluorescence systems. First, only SBFI is suitable
or AM–ester loading and single intracellular dye injection.
econd, SBFI allows ratiometric imaging, which renders mea-
urements independent of the dye concentration. Finally, SBFIs
maller Kd and larger �F/F values below 50 mM Na+ result in
better resolution of small [Na+]i transients within this range.
till, CoroNa might be the dye of choice for analyzing very

arge Na+ elevations such as those reported during pathological
onditions (e.g. Longuemare et al., 1999).

.2. Confocal Na+ imaging with CoroNa and fields of
pplication

High-resolution [Na+]i measurements in small cellular com-
artments in the intact, light-scattering tissue can be performed
sing two-photon imaging with SBFI (Rose et al., 1999; Rose
nd Konnerth, 2001). Although two-photon imaging is a tech-
ique that is more and more widely used, it is still a quite
xpensive and complex method not available to many laborato-
ies. The present study shows that, in contrast to SBFI, CoroNa
s suited for high-resolution confocal microscopy in dendrites
n the intact tissue when combined with whole-cell patch-clamp
ecordings. Therefore, it represents an alternative to two-photon
maging for [Na+]i measurements. Our confocal [Na+]i mea-
urements revealed that significant [Na+]i accumulations occur
n fine dendrites following local iontophoresis of glutamate, sim-
lar to the large [Na+]i transients reported following synaptic
timulation (Rose and Konnerth, 2001).

Despite the apparent disadvantages of CoroNa as compared to
BFI, confocal imaging of [Na+]i transients with CoroNa may
rove to be a useful tool in the investigation of physiological
roperties of neurons and glial cells in fine cellular processes.
pen questions that can be addressed using this technique are the

onsequences of activity-induced [Na+]i transients in dendrites,
pines and axons for synaptic transmission and signal propaga-
ion. Notably, Na+ imaging allows to monitor excitatory synaptic
ctivity without directly influencing Ca2+-dependent processes,
hich is always a concern when Ca2+-sensitive dyes are intro-

uced into the cells (Regehr and Tank, 1992). Confocal [Na+]i
maging will also allow to study the role of Na+-dependent
umps and transporters in neuronal and glial signaling in fine
rocesses and to take a detailed look on [Na+]i transients in fine

L

L

nce Methods 155 (2006) 251–259

rocesses during pathological conditions to elucidate the mech-
nisms that cause cellular damage.
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