22.1 Fluorescent Na* and K* Indicators

SBFI and PBFI

Properties of SBFI and PBFI

SBFI! and PBFI? are fluorescent indicators for sodium and potassium, respectively.
Although the selectivity of SBFI and PBFI for their target ions is less than that of calci-
um indicators such as fura-2, it is sufficient for the detection of physiological concentra-
tions of Nd and K in the presence of other monovalent catibRarthermore, the spec-

tral responses of SBFI and PBFI upon ion binding permit excitation ratio measurements O

(see Loading and Calibration of Intracellular lon Indicators in Section 20.1), and these Jd

indicators can be used with the same optical filters and equipment used fof-fura-2 °

(Table 24.8). ‘ c-°
SBFI (Figure 22.1) and PBFI (Figure 22.2) comprise benzofuranyl fluorophores

linked to a crown ether chelator. The cavity size of the crown ether confers selectivity for c-0~

Na'* versus K (orvice versa in the case of PBFI). When an ion binds to SBFI or PBFI, o

the indicator’s fluorescence quantum yield increases, its excitation peak narrows and iﬁuure 92,1 5-1262 SBFI. tetraammonium salt.

excitation maximum shifts to shorter wavelengths (Figure 22.3), causing a significant
change in the ratio of fluorescence intensities excited at 340/380 nm (Figure 22.4,
Figure 22.5). This fluorescence signal is slightly sensitive to changes in pH between 6.5
and 7.5%7 but it is strongly affected by ionic strendtAnd viscosity. Researchers have
described the use of SBFI for emission ratio detection (410/590 nm, excited at 340 nm).
More recently, the implementation of two-photon excitation of SBFI with infrared light
has been reported for Nenaging in spines and fine dendrites of central neufgids
(Figure 22.6).
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sponse of SBFI (S-1262) to Na*: A) in K*-
free solution and B) in solutions containing
K* with the combined Na* and K* concen-
tration equal to 135 mM. The scale on the
vertical axis is the same for both panels.

sponse of PBFI (P-1265) to K*: A) in Na*-
free solution and B) in solutions containing
Na* with the combined K* and Na* concen-
tration equal to 135 mM. The scale on the
vertical axis is the same for both panels.
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Figure 22.3 Fluorescence excitation (detected
at 505 nm) and emission (excited at 340 nm)
spectra of SBFI (S-1262) in pH 7.0 buffer contain-
ing 135 mM (A) or zero (B) Na*.
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Figure 22.6 CA1 pyramidal neuron in a hippocam-
pal slice filled with SBFI (S-1262) delivered from a
patch pipette (visible on the right). The image was
obtained using two-photon excitation of SBFI at
790 nm. Image contributed by Christine R. Rose,
Physiological Institute, University of Munich.
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Figure 22.7 Absorption and fluorescence emission
spectra of Sodium Green (S-6900) in pH 7.0 buffer
containing 135 mM Na*.

There are only three fluorescent
sodium indicators currently available:
SBFI, which has dual excitation
properties; Sodium Green, which has
a large non-ratioable fluorescence
enhancement upon binding Na*; and
the new CoroNa Red indicator, which
localizes in the mitochondria and may
be useful for measuring mitochondrial
Na* flux.

Chapter 22 — Indicators for Nat, K*, CI- and Miscellaneous lons

Although SBFI is quite selective for the Nan, K* has some effect on the native
affinity of SBFI for N& (Figure 22.4). The dissociation constang)(&f SBFI for Nd is
3.8 mM in the absence of"Kand 11.3 mM in solutions with a combined‘Nad K
concentration of 135 mM, which approximates physiological ionic strength. SBFI is
~18-fold more selective for Nahan for K. Likewise, the K of PBFI for K is strongly
dependent on whether N& present (Figure 22.5), with a value of 5.1 mM in the ab-
sence of Naand 44 mM in solutions with a combined*Nand K concentration of
135 mM. In buffers in which the Nas replaced by tetramethylammonium chloride, the
K4 of PBFI for K is 11 mM; choline chloride and-methylglucamine are two other
possible replacements for Nia the medium. Although PBFI is only 1.5-fold more
selective for K than for N4, this selectivity is often sufficient because intracellular
K* concentrations are normally about 10 times higher thdcdeentrations.

The K, of all ion indicators depends on factors such as pH, temperature, ionic
strength, concentrations of other ions and dye—protein interactions. Due to these environ-
mental factors, the Kdeterminedn situ for intracellular SBFI is substantially higher
than that determined in cell-free buffer solutiong(Ka") values of 29 mM, 26.6 mM
and 18.0 mM have been determined for SBFI in lizard peripheral axons, porcine adrenal
chromaffin cells and rat hippocampal neurons, respectivéRConsequently, intracellu-
lar SBFI should be calibrated using the pore-forming antibiotic gramit{@r6888).
Palytoxin, an ionophoric toxin isolated from marine coelenterates, is much more effective
than gramicidin for equilibrating intracellular and extracellulat.Ndntracellular PBFI
should be calibrated using thé Knophore valinomycit* (V-1644).

Cell Loading with SBFI and PBFI

SBFI and PBFI are available both as cell-impermeant acid salts (S-1262, P-1265) and
as cell-permeant acetoxymethyl (AM) esters (S-1263, S-1264, P-1267). The anionic acid
forms can be loaded into cells using our Influx pinocytic cell-loading reagent (1-14402,
Section 20.8), or by microinjection, patch-pipette infusion or electroporation. For AM
ester loading (see Loading and Calibration of Intracellular lon Indicators in Section
20.1), addition of the dispersing agent Pluronic F-127 and relatively long incubation
times — up to four hours — are typically necesddrjuronic F-127 is available as a
20% solution in dimethylsulfoxide (DMSO, P-3000), as audrfiltered 10% solution
in water (P-6866) and as a solid (P-6867). ATP-induced permeabilization reportedly
produces increased uptake of SBFI AM by bovine pulmonary arterial endothelial cells
(BPAEC) ! Somewhat higher working concentrations of PBFI and SBFI than those used
for fura-2 may be required because of the lower fluorescence quantum yields of these
indicators. AM ester loading sometimes produces intracellular compartmentalization of
SBFI%16As with other AM esters, reducing the incubation temperature beldo@ 3ay
inhibit compartmentalization. Other practical aspects of loading and calibrating SBFI
have been reviewed by Negulescu and Machen.

Applications of SBFI
SBFI has been employed to estimaté hiadients in isolated mitochondial®as
well as to measure intracellular Nlavels or N& efflux in cells from a variety of tissues:

» Blood — platelet$?*monocyteg! and lymphocyte®

» Brain — astrocyte$*?*neurong;”?>-2%and presynaptic terminais3!

e Muscle — perfused heaft;3cardiomyocyted*—=3"and smooth muscf&3°
» Secretory epitheli#-+*

SBFI has also been used in combination with other fluorescent indicators to correlate
changes in intracellular Navith C2* and Mdg* concentration&?45-“Sintracellular
pH4*%%and membrane potentil.

Applications of PBFI

PBFI2 has fewer documented applications than SBFI. Renewed interest has been
prompted by the observation that intracellulddévels appear to be a controlling factor
in apoptotic cell death pathwa$4Flow cytometric measurements using UV argon-ion
laser excitation (351 nm and 364 nm) of PBFI indicate thaiffux induces shrinkage
of apoptotic cells and is a trigger for activation of caspzise&&-urthermore, PBFI pro-
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vides a potential alternative to radiometrice€flux assays usingfRb.1* Other applica-
tions of PBFI include:

* Investigating the relationship between cytoplasnic#hcentrations and NMDA
excitotoxicity®”

« Evaluating the mediating effects of Kepletion on monocytic cell necrogis

« Detecting adrenoceptor-stimulated decreases of intracelltleoiCentration in
astrocytes and neurots

« Monitoring mitochondrial K;p channel activatioff-5!

» Assessing the effects of mitochondria #h C&*-dependent cytotoxicity in rat
hepatocyte®

« Measuring K levels in plant cells and vacuoR§s®

« Detecting elevated intracellular kevels associated with HIV-induced cytopathol&ty

* Following ionophore-induced ransport and associated volume changes in PBFI-
loaded liposome% 58

« Quantitating light-induced Kand H fluxes in liposome&:7°

» Using patch-clamp techniques to measurénKisolated cochlear outer hair cefls
and in mammalian ventriclé

Sodium Green Na* Indicator

Molecular Probes’ patented Sodium Green indicdtcan be excited at 488 nm (Figure
22.7), providing a valuable alternative to the UV light—excitable SBFI for use with confo-
cal laser-scanning microscopgéand flow cytometers: We offer the cell-impermeant Figure 22.8 S-6900 Sodium Green, tetra(tetra-
tetra(tetramethylammonium) salt of the Sodium Green indicator (S-6900), as well as jtsMethylammonium) salt.
cell-permeant tetraacetate (S-6901). Sodium Green comprise§ Tdichlorofluores-
cein dyes linked to the nitrogen atoms of a crown ether (Figure 22.8) with a cavity size that
confers selectivity for the Naon. Upon binding Ng Sodium Green exhibits an increase A 135 mM Na™* Ex = 488 nm
in fluorescence emission intensity with little shift in wavelength (Figure 22.9). Although K*1=0mM
Sodium Green lacks the direct ratiometric readout capability of SBFI, fluorescence inten-
sity fluctuations due to cell size variability can be compensated to some extent by using
forward light scatter as a reference signal in flow cytoniéfRatiometric detection using
a co-loaded Nainsensitive reference should be feasible based on analogtusets-
tion technique$®"8(Section 20.3) but apparently has yet to be demonstrated in practice.

As compared to SBFI, Sodium Green shows greater selectivity fahbia K
(~41-fold versus ~18-fold) and displays a much higher fluorescence quantum yield
(0.2 versus 0.08) in Necontaining solutions. The longer-wavelength absorption of the
Sodium Green indicator results in reduction of the potential for photodamage to the ce@
because the energy of the excitation light is lower than that of the UV light required for§ |° 136 mM Na* O e
excitation of SBFI. The Kof the Sodium Green indicator for Nia about 6 mM in K- :132 mM
free solution and about 21 mM in solutions with combinetiaal K concentration of
135 mM, approximating physiological ionic strength. Because jta&y be shifted as a
result of intracellular interactions, Sodium Green should be calibirasgd using the
pore-forming antibiotic gramicidif? (G-6888). In some cases, dye—protein interactions
may cause severe dampening or even complete elimination of thaependent fluores-
cence response of intracellular Sodium Green. Nevertheless, flow cytometric measure-
ments in Chinese hamster ovary (CHO) are well correlated with spectrofluorometric
measurements using SBFIOther applications include:

emission

Fluores

» Assessing the regulation of N&*-ATPase by persistent Naccumulation in rat

8 Wavelength (nm
thalamic neuron® gth (nm)

475 525 575 625

+ Detecting anoxia-induced Nanflux in neurong® Figure 22.9 Emission spectral response of the
 Fluorescence lifetime imaging of intracellularN&®3 Sodium Green indicator (S-6900) to Na*: A) in K*-
« Investigating the effects of amiloride on transport of Masubmandibular salivary free solution and B) in solutions containing K" with

ducts without interference from UV light—excited amiloride fluorescéhce the combined Na“ and K" concentration equal to

135 mM. The scale on the vertical axis is the same

« Measuring the effect of hyperthermia on*Mancentration in Chinese hamster ovary for both panels.
and Hela cell&86

» Confocal imaging of Niatransport in rat colonic muco%aand cochlear hair cells by
flow cytometry®8

» Measuring Naflux in colonic crypt$”
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Figure 22.10 C-24430 CoroNa Red chloride.

Figure 22.11 Images of an NIH 3T3 cell showing
colocalization of the CoroNa Red sodium indicator
(top panel; C-24430, C-24431) with the MitoTrack-
er Green FM mitochondrial marker (bottom panel,
M-7514). A cell loaded with both dyes was imaged
consecutively using Omega Optical bandpass filter
set XF41 for CoroNa Red sodium indicator and set
XF23 for MitoTracker Green FM.

The Corona Red sodium indicator has
an exceptionally large fluorescence
response to Na’, particularly at high
levels of Na*.

Chapter 22 — Indicators for Nat, K*, CI- and Miscellaneous lons

CoroNa Red Na* Indicator

Our newest Naindicator is CoroNa Red chlorid®® (C-24430, C-24431), which is
based on a crown ether that has structural similarity to tfrecBalator BAPTA (Figure
22.10). Unlike SBFI and Sodium Green, the net positive charge of CoroNa Red targets
the indicator to mitochondria (Figure 22.11) and loading of cells does not require use of a
permeant ester derivative of the dye. Cells are typically loaded by adding Qu41.0
CoroNa Red from a 1 mM stock solution in DMSO, incubating for 10-30 minutes at
37°C and finally washing with dye-free medium before commencing fluorescence analy-
sis. CoroNa Red is only weakly fluorescent in the absence‘chihits fluorescence
increases ~15-fold upon binding N@igure 22.12). Despite its relatively high for
Na" of ~200 mM, CoroNa Red indicator exhibits sensitive responses to cellular Na
influxes through voltage-gated channels and ATP-gated cation pores. Verkman and co-
workers have immobilized CoroNa Red indicator on polystyrene microspheres and used
the complex to measure Neoncentrations around 100 mM in the tracheal airway—
surface liquid (ASL) of cultured epithelial cells and human lung tisé#&3he CoroNa
Red indicator is available as a single 1 mg vial (C-24430) or as a set of 20 vials, each
containing 5Qug of the indicator (C-24431).

Alternative Fluorescence Techniques for Measuring Na* and K*

Researchers have discovered a variety of other fluorescence techniques for measuring
Na* and K

* lon channel-mediated*luxes are frequently detected via the accompanying mem-
brane potential changes registered by voltage-sensitive dyes such as,3BAE
(B-438; FluoroPure Grade, B-24570; Section 23.3).

* Quenching of polyanionic fluorophores such as ANTS (A-350, Section 14.3) by the
K* analogs thallium (T) or cesium (C9 is often exploited for monitoring Kfluxes
in reconstituted-vesicle preparaticis"®

* The fluorescent pH indicator BCECF AM (B-1150, B-1170, B-3051; Section 21.2) is
useful for flow cytometric measurements of intracellulaibl{ exploiting the K/H*
clamping action of the ionophore nigeriél(N-1495, Section 22.2).

» Various amphiphilic fluorophores have been used in combination with ion-selective
carriers to construct membrane- or polymer-based sensors*for IN&%-102

» A unique fiber-optical sensor for'Khat is sensitive over the range ail¥ to 1 mM
employs our red-fluorescent FluoSpheres microspheres (Section 6.5) in combination
with a pH-sensitive dy&?
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Data Table — 22.1 Fluorescent Na* and K* Indicators

Low lon* High lon*
Cat # MwW Storage Soluble  Abs EC Em Solvent  Abs EC Em Solvent  Product Ky Notes
C-24430 773.32 L DMSO 547 92,000 570 H,0 551 92,000 576 H,0/Na* 200 mM 1,2,3,4
C-24431 773.32 L DMSO 547 92,000 570 H,0 551 92,000 576 H,0/Na* 200 mM 1,2,3,4
G-6888 ~1880 D MeOH <300 none
P-1265 950.99 L MeOH 336 33,000 557 H,0 338 41,000 507 H,0/K* 51 mM 1,56
P-1267 1171.13 F.D,L DMSO 369 37,000 see Notes ~ MeOH P-1265 7
S-1262 906.94 L pH >8 339 45,000 565 H,0 333 52,000 539 H,0/Na* 3.8 mM 1,58
S-1263 1127.07 F.D,L DMSO 379 32,000 see Notes ~ MeOH S-1262 7
S-1264 1127.07 FD,L DMSO 379 32,000 see Notes ~ MeOH S-1262 7
S-6900 1667.57 L pH >6 506 117,000 532 H,0 507 133,000 532 H,0/Na* 6.0 mM 1,2,5,8
S-6901 1543.17 F,.DD,L DMSO 302 21,000 none MeOH S-6900
V-1644 1111.33 FL EtOH <300 none MeCN

For definitions of the contents of this data table, see “How to Use This Book” on page viii.
* For “Low lon” spectra, the concentration of Na* or K* is zero. For “High lon” spectra, the concentration of Na* or K* is in excess of that required to saturate the response of the

indicator.
Notes

1. Dissociation constant values vary considerably depending on presence of other ions, temperature, pH, ionic strength, viscosity, protein binding and other factors. It is essential that

the spectral response of the probe be calibrated in your

oo AW

system.

of Na*. In solutions with [Na*] + [K*] = 135 mM, K4(K*) = 44 mM.

~

Fluorescence of SBFI, AM and PBFI, AM is very weak.

This indicator exhibits fluorescence enhancement in response to ion binding, with essentially no change in absorption or emission wavelengths.
K determined at Molecular Probes in 50 mM MOPS, pH 7.0 (adjusted with tetramethylammonium hydroxide) containing 40% DMSO at 22°C.
Spectra measured in aqueous buffers containing 40% DMSO and zero (H,0) or 1 M Na* (H,0/Na*).
Spectra measured in aqueous buffers containing zero (H,0) or a >10-fold excess of free cation X (H,0/X) relative to the dissociation constant (Kg) for cation X listed.

Kq4(K*) has been determined at Molecular Probes in 10 mM MOPS, pH 7.0 (adjusted with tetramethylammonium hydroxide) at 22°C. K4(K*) is strongly dependent on the concentration

8. Ky(Na*) has been determined at Molecular Probes in 10 mM MOPS, pH 7.0 (adjusted with tetramethylammonium hydroxide) at 22°C. Na* dissociation constants for these indicators
are dependent on K* concentration. In solutions with total [Na*] + [K*] = 135 mM, Ky(Na*) = 11.3 mM (S-1262) and 21 mM (S-6900).

Melessular Preaes
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Product List — 22.1 Fluorescent Na* and K* Indicators

Cat # Product Name Unit Size
C-24430  COTONA™ REA CRIOTIAE ......vovveveeieeieeeie ettt ettt a et s et s s b s s et s s b s s et s s b s e s bt s et s e s b e st e b es s et et e s et esesebesesebesesetesesatanas

C-24431  CoroNa™ Red chloride *SPECial PACKAGING™ ......cceviriiueuiirieiieiiete ettt bbbt s bbbt s st s st bt es

G-6888  gramicidin ...........cccoevereieiiieeeeeee e

P-1267  PBFI, AM *cell permeant* *special packaging*

P-1265  PBFI, tetraammonium Salt *Cell IMPEIMEBANT™ ........c.ciiieeieieeee ettt ettt ettt sttt st be et bese e et ese st ebess et ebese st et ebe e ebesensseebenennas

P-6867  PIUTONIC® F-127 *I0W UV @DSOTDANCE™ .....veeooeveeoeeeeeeeseeeoese oo seess s s s sess s sses s esse et s s essees e sseeessseesensseenn

P-3000  Pluronic® F-127 *20% solution in DMSO* ...........cervveereereeenn.

P-6866  Pluronic® F-127 *10% solution in water* *0.2 um fIHEIEA™ ............coooorvveeeeeoeeeeeeeeeeeeeeeeeeeeeeeeeeeee e eeeee oo eeseees s

S-1263  SBFI, AM *CeII PEINEANT™ .......ociiiiteeieetete ettt ettt ettt ettt ettt ettt et et e b et e s et ese b et et et et e b et ebebesebebebebesesebesesebesebebesesebesesebesebebesetetesesetanas 1mg
S-1264  SBFI, AM *cell permeant™ *SPECIal PACKAGING™ .....ovvurueurerereieireseieeeis ettt es e ese et e e st et e st e e et e s et s enenen 20 x 50 ug
S-1262  SBFI, tetraammonium Salt *Cell IMPEIMEANT™ .........coiiiiiiiieiicete ettt ettt bbb s et seses 1mg
S-6901  Sodium Green™ tetraacetate *cell permeant™ *Special PACKAGING™ .........cccevivereicieieicieteeee ettt ettt ettt bbbttt 20 x 50 ug
S-6900  Sodium Green™, tetra(tetramethylammonium) salt *Cell IMPEIMEANT™ ........c.i et 1mg
V1644 VALINOMIYCIN ..ottt ettt ettt ettt ettt e b s et et e s e b et s e b e b s e b ebes e b ek esebebesebebes e b eb e S b e s a5 ebesee e b e s e e b e b s e b e b s e b e b es e s e b eseseb s e b e b eb e s et es et e b s ebes et esenenen 25 mg
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Figure 22.13 M-440 6-methoxy-N-(3-sulfopro-
pyl)quinolinium, inner salt (SPQ).
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Figure 22.14 Fluorescence emission spectra of
MQAE (E-3101) in increasing concentrations of CI".

Chloride indicators have all depended
on fluorescence quenching by
diffusion of the CI" to the indicator
during its excited-state lifetime.
Consequently, CI" measurements are
susceptible to viscosity effects that are
difficult to control. MQAE (E-3101)
seems to be the best CI” indicator in
common use.

Chapter 22 — Indicators for Nat, K*, CI- and Miscellaneous lons

22.2 Detection of Chloride, Phosphate,
Nitrite and Other Anions

This section describes fluorescent indicators for intracellular and extracellular chlo-
ride together with an assortment of analytical methods for direct or indirect quantitation
of other inorganic anions, including bromide, iodide, hypochlorite, cyanide, sulfide,
sulfite, nitrite, nitrate, phosphate, pyrophosphate and selénide.

Fluorescent CI” Indicators

Most of Molecular Probes’ fluorescent chloride indicators are 6-methoxyquinolinium
derivatives, the prototype of which is 6-methadyy3-sulfopropyl)quinoliniunt3 (SPQ,
Figure 22.13). Cldetection sensitivity has been improved by modifications of the quino-
linium N substituent:®> Our current range of Cindicators consists of:

» 6-MethoxyN-(3-sulfopropyl)quinolinium (SPQ, M-440)

* N-(Ethoxycarbonylmethyl)-6-methoxyquinolinium bromide (MQAE, E-3101)
» 6-MethoxyN-ethylquinolinium iodide (MEQ, M-6886)

* Lucigenin (L-6868)

All of these indicators detect Glia diffusion-limited collisional quenchirfgThis
detection mechanism is different than that of fluorescent indicators forNige*, Zr?*,
Na*and K'. It involves a transient interaction between the excited state of the fluoro-
phore and a halide ion — no ground-state complex is formed. Quenching is not accompa-
nied by spectral shifts (Figure 22.14) and, consequently, ratio measurements are not
directly feasible. Quenching by other halides, such asuBt t, and other anions, such
as thiocyanate, is more efficient tharm @Qlenchind. Fortunately, physiological concen-
trations of non-Clions do not significantly affect the fluorescence of SPQ and other
methoxyquinolinium-based Cindicators. With some exceptiohfiiorescence of these
indicators is not pH sensitive in the physiological rahBecause Ctdependent fluores-
cence guenching is a diffusional process, it is quite sensitive to solution viscosity and
volume. Exploiting this property, SPQ has been used to measure intracellular volume
changes.

The efficiency of collisional quenching is characterized by the Stern—Volmer constant
(Ksy) — the reciprocal of the ion concentration that produces 50% of maximum quench-
ing. For SPQ, K, is reported to be 118 #in agueous solution and 12Nhside cell$
For MQAE,in situ K, values of 25—-28 M have been determined in various cell
typesi®compared to the solution value of 206 Mintracellular Ct indicators are
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