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Abstract

Microscopy based on voltage-sensitive dyes has proven effective for revealing spatio-temporal patterns of neuronal activity in vivo and
in vitro. Two-photon microscopy using voltage-sensitive dyes offers the possibility of wide-field visualization of membrane potential on
sub-cellular length scales, hundreds of microns below the tissue surface. Very little information is available, however, about the utility of
voltage-sensitive dyes for two-photon imaging purposes. Here we report on measurements of two-photon fluorescence excitation cross-
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ections for nine voltage-sensitive dyes in a solvent, octanol, intended to simulate the membrane environment. Ultrashort light pu
i:sapphire laser were used for excitation from 790 to 960 nm, and fluorescein dye was used as a calibration standard. Overall, dy
H421, RH414, di-8-ANEPPS, and di-8-ANEPPDHQ had the largest two-photon excitation cross-sections (∼15× 10−50 cm4 s photon−1) in

his wavelength region and are therefore potentially useful for two-photon microscopy. Interestingly, di-8-ANEPPDHQ, a chimera co
rom the potentiometric dyes RH795 and di-8-ANEPPS, exhibited larger cross-sections than either of its constituents.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Functional imaging of neuronal activity in three di-
ensions offers new possibilities for understanding brain
hysiology. Since the functional architecture of the brain is

hree-dimensional, one goal of neuroimaging is to accurately
esolve neuronal activity in three-dimensions with high
patial- and temporal-resolution. The work of Llinas and
thers, for example, has shown that large-scale aspects
f brain function can originate from electrical properties
f individual neurons (Llinas, 1988; Llinas et al., 1998),
nderscoring the need for cellular and sub-cellular scale

maging. Measurements of membrane potential in small
eurons and their processes, however, are extremely difficult
sing traditional electrode techniques. Measurements of

∗ Corresponding author. Tel.: +1 215 573 3463; fax: +1 215 573 6391.
E-mail address: aafisher@physics.upenn.edu (J.A.N. Fisher).

macroscopic tissue volumes are similarly difficult, requir
large impractical electrode arrays.

The use of voltage-sensitive (potentiometric) dyes
molecular voltmeters (Cohen and Salzberg, 1978; Salzbe
1983) is currently the only optical technique enabli
direct measurements of neuronal membrane potential.
sensitivity of this methodology ranges from∼10 mV scales
relevant for subthreshold membrane potential dynam
to the ∼100 mV scales associated with action potenti
Voltage-sensitive dyes have proven to be effective
measuring electrical activity in neurons in vitro (Contreras
and Llinas, 2001; Grinvald et al., 1983; Salzberg et al., 19
1977; Yuste et al., 1997) and in vivo (Grinvald et al., 1994
Orbach and Cohen, 1983; Petersen et al., 2003). To date, sev
eral studies have visualized voltage-sensitive dye respo
in three-dimensions using one-photon fluorescence in
(Kleinfeld and Delaney, 1996; Petersen et al., 2003), and re-
cently gradient-index (GRIN) lens optics and computatio
optical sectioning techniques have been used to ach
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high-speed three-dimensional microscopy with voltage-
sensitive dyes in near surface tissues (Fisher et al., 2004).
However, in all these studies optical sectioning is inherently
limited by one-photon fluorescence microscopy techniques;
i.e. the images are sensitive to fluorescence from the entire
depth of focus and do not explicitly reject out-of-focus light.

Two-photon laser scanning microscopy (Denk et al., 1990)
enables true three-dimensional imaging because of its intrin-
sic optical sectioning properties. Additionally, high contrast
images can be obtained from deeper within biological tis-
sues compared to confocal microscopy (Centonze and White,
1998). Since its inception, two-photon laser scanning mi-
croscopy has found wide-spread applicability throughout the
field of neuroscience, both in vitro (Mainen et al., 1999; Yuste
et al., 1997) and in vivo (Helmchen et al., 2001; Stosiek et
al., 2003; Svoboda et al., 1999; Yoder and Kleinfeld, 2002).
Calcium Green, GFP, and other fluorophores with absorption
peaks in the blue are among the most widely used dyes for in
vivo studies, in part because their peak absorption wavelength
can be reached by two photons within the tuning range of
most commercially available pulsed laser sources. Calcium-
indicators yield large signals following two-photon excitation
and can reveal rapid intracellular Ca2+ concentration changes
dependent upon action potentials (Svoboda et al., 1997), but
they most certainly do not provide a direct measurement of
electrical activity.
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Nile Blue A, which is a lipophilic membrane-permeant po-
tentiometric dye (Beeler et al., 1981; Cohen et al., 1974;
Vergara et al., 1978). Using a ratiometric method (Albota et
al., 1998) with fluorescein as a reference, two-photon excita-
tion cross-sections were obtained for nine voltage-sensitive
dyes at incident wavelengths ranging from 790 to 960 nm.
We used octanol as a solvent to approximate the environ-
ment of these dyes when bound to membrane (Sims et al.,
1974) and we identified dyes with comparatively high cross-
sections in this spectral region. Our investigation of the novel
napthylstyryl-pyridinium “chimera” dye di-8-ANEPPDHQ,
which is a combination of an RH795 (Grinvald et al., 1994)
quarternary ammonium head group and a di-8-ANEPPS
(Bedlack et al., 1992) chromophore, revealed that its two-
photon excitation cross-section in this spectral region was
larger than that of either of its constituent components.

2. Materials and methods

2.1. Background theory

In two-photon absorption, an atom or molecule simulta-
neously absorbs two photons and makes a transition from
its ground state to an excited state. Assuming no linear (i.e.
o light
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Second harmonic generation (SHG) imaging (Hellwarth
nd Christensen, 1974; Sheppard et al., 1977) also provide

nherent optical sectioning, and has recently been us
onjunction with voltage-sensitive dyes (Campagnola et a
999; Dombeck et al., 2004; Millard et al., 2003) to produce
xceptional images of activity in cultured neurons. Howe
ecause SHG is a parametric nonlinear process, the res
econd harmonic wave travels predominantly in the sam
ection as the incident light (Mertz and Moreaux, 2001) and
ields signal in the reflectance direction only after backs
ering. By contrast, even at the scale of a single fluoroph
uorescence emission following two-photon absorptio
olarized light by membrane-bound voltage-sensitive

eads to a symmetric dipole radiation distribution (Lakowicz,
999). In sub-surface tissue imaging conditions, where
xcitation volume is small compared to the imaging de
hotons are generally assumed to be emitted isotrop
Oheim et al., 2001). These factors make two-photon m
roscopy preferable to SHG for backward detection, a cr
riterion for in vivo imaging.

Albota, Xu and Webb have measured two-photon e
ation cross-sections for a variety of biologically relev
olecular fluorophores (Albota et al., 1998; Xu, 2000; X
nd Webb, 1996). Very little information, however, exis
n the suitability of voltage-sensitive dyes for two-pho

maging purposes (Hess and Webb, 1998). To this end, we
ave analyzed the two-photon spectral properties of s
f the most common voltage-sensitive dyes, including
ent novel dyes di-8-ANEPPDHQ (Obaid et al., 2004) and
H1692 (Shoham et al., 1999). We also included in our stud
ne-photon) absorption, the two-photon absorption of
ropagating through an optically thin sample ofC molecules
er unit volume (cm−3) is characterized by the following d

erential equation for the input light intensityI:

dI

dz
= −βI2. (1)

ere I is the source intensity (erg cm−2 s−1), andβ is the
wo-photon absorption coefficient. The two-photon abs
ion coefficient,β, can also be expressed in terms of the t
hoton cross-section,Σ, i.e.

= 2C
Σ

h̄ω
, (2)

hereω is the angular frequency of the incident light fie
he factor of 2 arises because two photons are abso
ndΣ has cgs units of cm4 s. In Eq.(2), h̄ω is the energ
er photon (erg photon−1) at the excitation wavelength. T

nformal unit for Σ is the Goeppert-Mayer (GM), whe
GM = 10−50 cm4 s photon−1. Σ is described as a “cros
ection” in order to establish a two-photon analog to the li
one-photon) absorption cross-section, which has true
f area. The extra factor of cm2 is due to the extra factor oI

n Eq.(1).
The two-photon absorption cross-section, in turn, ca

efined in terms of the material third-order susceptib
(3), i.e.

= 4π2h̄ω2 Im χ(3)

Cη2c2 . (3)
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Hereη is the real part of the linear index of refraction atω,
andc is the speed of light.

χ(3) is a fourth-rank tensor. Thus the most general descrip-
tion of the third-order nonlinear susceptibilityχ(3)

ijkl(ω4 =
ω1 + ω2 + ω3) contains 81 terms. Significant simplifica-
tions, however, arise when the medium is an isotropic col-
lection of random molecules, and when nonlinear terms such
asχijkl(ω =ω +ω − ω) are large compared to the other terms,
e.g. as a result of small resonant denominators. In this case,
χ(3) Eq.(3) is well described as a frequency-dependent scalar
(Hanna et al., 1979).

The two-photon absorption cross-section,Σ, can be mea-
sured by absorption and excitation spectroscopy techniques
(Birge, 1983). Absorption spectroscopy measures the atten-
uation of the incident light as it passes through a sample of
known concentration and thickness. Excitation spectroscopy
measures the light emitted by the molecules following ab-
sorption. Generally, absorption measurements are difficult
because the high incident intensities required to generate
measurable absorption signals also lead to saturation, excited-
state absorption, and photobleaching (Albota et al., 1998). On
the other hand, for molecules with reasonably large quan-
tum efficiencies,q (>10−3), the fluorescence signal is read-
ily detectable and can yield accurate measurements ofΣ if
q is known. Hereq is the number of emitted photons by
t cita-
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Since the rate of two-photon absorption (TPA) depends on
the spatial and temporal excitation beam profiles,Albota et
al. (1998)introduced a ratiometric technique wherebyσ2 of
an unknown sample is deduced from identical measurements
made of a reference sample with known values ofσ2. Within
this approach the two-photon excitation cross-section,σ2S,
of an unknown sample is

σ2S(λ) = q2SΣS(λ)

= q2RΣR(λ)
ϕRCR

ϕSCS

〈PR(t)〉2

〈PS(t)〉2

〈F (t)〉S

〈F (t)〉R

ηR

ηS
, (6)

where subscripts S and R indicate “sample” and “reference,”
respectively, and the cross-sections are written explicitly as a
function of wavelength to remind us about their wavelength-
dependence. In our measurements we monitored the second
harmonic signal SHG(t) from a small fraction of the inci-
dent beam that was diverted through a beta-barium borate
(�-BaB2O4, or “BBO”) SHG crystal (Inrad, Northvale, NJ,
USA); the time-averaged second harmonic,〈SHG(t)〉, is di-
rectly proportional to〈P(t)〉2.

2.2. Experimental setup

The optical setup for cross-section measurements is shown
in Fig. 1. In the experiment,C andC are known,Σ , η ,
a
〈 ation
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he molecule per absorbed photon. The two-photon ex
ion cross-section,σ2 is the product ofΣ and the two-photo
uantum efficiency,q2, defined as the number of emitted p

ons by the molecule perpair of absorbed photons:

2 = q2Σ. (4)

n two-photon microscopy the measured signal is typic
uorescence emission, and thereforeσ2 is generally a mor
seful figure of merit thanΣ.

Xu and Webb (1996)have shown that for mode-lock
aser sources, the time-averaged fluorescence signal〈F(t)〉
photons s−1) detected by a spectroscopic system with
ection efficiencyϕ and time-averaged illumination pow
P(t)〉 (photons s−1) is

F (t)〉 ≈ 1

2
ϕq2ΣC

gp

fτ

8η〈P(t)〉2

πλ
. (5)

ere C is the concentration of fluorophores in the sam
cm−3), f is the repetition rate of the pulsed laser,τ is the
aser pulse width,gp is a numerical constant of order unityλ
s the center wavelength of the laser pulse, andη is the real par

f the linear index of refraction atω. The quantitygp
fτ

8η〈P(t)〉2

πλ
ccounts for the temporal shape of the pulses and the s
rofile of the beam in the excitation volume (Hopt and Nehe
001; Xu and Webb, 1996); to compute this quantity the sa
le thickness is assumed much larger than the depth of
f the imaging system, and diffraction limited high numer
perture focusing (Richards and Wolf, 1959; Sheppards
atthews, 1987) is also assumed.
l

R S R R
ndηS are taken from the literature, and〈F(t)〉, ϕR, ϕS, and
P(t)〉2 are measured for each sample. The laser excit
ource was a mode-locked Ti:sapphire laser (Mira Basic
erent Inc., Santa Clara, CA, USA) with a 76 MHz repeti
ate. The laser was pumped by an 8 W multi-line argon
aser (Innova 310, Coherent Inc., Santa Clara, CA, U

hile two different optics sets were used to span the spe
egion from 790 to 960 nm, optics sets that span the r
f 720–980 nm are now available. The wavelength was
rmed with an external spectrum analyzer (Ocean Optics
unedin, FL, USA). As noted above, a small fraction of
xcitation beam was focused onto a BBO SHG crystal
ad, Northvale, NJ, USA) to record a signal proportiona
P(t)〉2, which was time-averaged over the measuremen
iod. The ratio of reference and sample values of〈SHG(t)〉
as within the range of 1± 0.01. To minimize distortion o

he beam profile, aλ/2 plate and Glan–Thompson polari
ere used to adjust the average excitation power at the s

o be∼10 mW.
Pulse widths were measured with a home-b

ackground-free autocorrelator (Angerer, 1998; Angerer
l., 1999). The pulse-width measured just before the sam
as∼200 fs. The beam was expanded with a 5× Gallilean
eam-expander in order to back-fill an N.A. 0.4 ob

ive (Carl Zeiss AG, Gottingen, Germany); the approxim
pot size in the sample was∼3�m. TPA-induced fluores
ence was collected at 90◦ re-focused onto the slit of
onochromator (Thermo Jarrell-Ash Corporation, Fran
A, USA). The fluorescence signal was detected by a ph
ultiplier tube (Hamamatsu R943-02, Hamamatsu Pho
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Fig. 1. Cross-section measurement setup. BG 39: Schott glass absorption filter, PMT: photomultiplier tube, SHG: second harmonic generating BBO crystal
(Inrad),λ/2 = half wave plate, P: Glan–Thompson polarizer, BE: beam expander (5×).

ics, Hamamatsu City, Japan) which then fed a gated photon
counter (SR400, Stanford Research Systems, Sunnyvale, CA,
USA). The excitation beam passed through a chopper which
provided a reference signal enabling the photon counter to
perform background subtracted integration. Average power
levels of the incident light were also monitored by refocusing
the excitation beam onto a calibrated power meter (Newport
Corporation, Irvine, CA, USA).

One centimeter thick sample cells were used to ensure that
the entire focal volume of the excitation light was contained
within the sample. We accounted for small absorptive losses
by measuring the location of the focal volume within the
cuvette and using linear absorption theory with the known
molar extinction coefficientsε of the fluorophores. For all
measurements the linear absorption was negligible (i.e. its
effects were much smaller than the systematic uncertainty in
the measurements).

2.3. Calculation of collection efficiency

Because the monochromator grating efficiency is
wavelength-dependent, it was necessary to measureϕ for
each wavelength setting used.ϕ depends on the product
of several factors: photomultiplier tube quantum efficiency,
solid angle of collection (expressed as a percentage of 4π

radians), monochromator transmission, quartz cuvette trans-

mission, and the fluorophore emission spectrum. Monochro-
mator transmission was measured using a white light source
emitting into the 90◦ fluorescence collection path to mimic
fluorescence emission. To this end, white light was focused at
the point of two-photon excitation in the sample cuvette, and
care was taken to ensure that all subsequently diverging light
was contained within the fluorescence collection solid angle
(a function of fluorescence collection optics and the accep-
tance numerical aperture of the monochromator). First, the
reference intensity was measured without the monochroma-
tor in the optical path; then the monochromator was placed in
the position used throughout the entire experiment. A spec-
trophotometer (Ocean Optics, Dunedin, FL, USA) replacing
the fluorescence-collection PMT was used to generate trans-
mission curves as the monochromator scanned over all rele-
vant wavelength settings. The uncertainty in calculation ofϕ

was by far the largest source of systematic error. This error
reflects uncertainty in monochromator transmission as a func-
tion of wavelength, and errors due to numerical integration
of the transmission spectrum, since the fluorescein reference
and experimental sample were typically measured at different
monochromator settings. By repeating the monochromator
transmission measurement procedure using a focused white
light source, we obtained a standard deviation for this as-
pect of the measurement. Error introduced by the numerical
integration of the dye emission spectrum was estimated by
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Table 1
Sample summary

Fluorophore Source λabs/em(nm) Concentration (�M) Reference

di-8-ANEPPS L. Loew 433/625 90 Bedlack et al. (1992)
di-8-ANEPPDHQ L. Loew 500/620 16 Obaid et al. (2004)
RH795 Molecular Probes 530/640 95 Grinvald et al. (1994)
RH414 Molecular Probes 525/636 150 Grinvald et al. (1988)
RH237 Molecular Probes 550/676 142 Gogan et al. (1995)
RH421 Molecular Probes 532/648 97 Grinvald et al. (1983)
RH1692 R. Hildesheim 600/680 117 Shoham et al. (1999)
Merocyanine 540 Eastman Kodaka 533/615 128 Davila et al. (1973)
Nile Blue A Chroma Gesellschaftb 649/660 118 Vergara et al. (1978)

Absorption and emission wavelengths are experimentally measured values in octanol.
a Eastman Kodak, Rochester, New York.
b Chroma Gesellschaft-Schmid & Co., Stuttgart, Germany.

comparing the results of numerical integration while varying
(1) numerical method, (2) interpolation resolution, and (3)
integration limits. We estimated the systematic error in mea-
surements of two-photon cross-sections to be±30%, com-
parable to the uncertainty reported byAlbota et al. (1998).
This number represents the standard deviation obtained as a
result of propagating estimated errors in both sample and ref-
erence fluorescence collection efficiencies,ϕS andϕR. Other
significant sources of systematic error were constant for both
sample and reference, and thus cancelled out.

2.4. Sample preparation

Sample preparation and the sample sources are listed in
Table 1. Selected chemical structures are shown inFig. 2.
Large stock solutions were prepared and then diluted to con-
centrations of∼100�M. The reference sample was fluores-

cein in H2O at pH 13. Two-photon cross-sections are known
for this reference sample (Albota et al., 1998; Xu, 2000). For
all other samples, octanol was used as a solvent. For solubility
reasons, some samples were first prepared at high concentra-
tion in other solvents before adding octanol. For example,
RH1692 was first dissolved in a small quantity of ethanol;
di-8-ANEPPS and di-8-ANEPPDHQ were first prepared in
a highly concentrated stock solution of DMSO/Pluronic. In
these cases, solvents other than octanol comprise less than
1% of the total solution volume.

2.5. Measurement procedure

For each wavelength, the fluorescein reference sample was
first measured, and then the rest of the samples were mea-
sured. Each measurement was followed by a blank sample
in order to measure background stray light. Then the fluo-

ltage-s
Fig. 2. Chemical structures of vo
 ensitive dyes used in this investigation.
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Fig. 3. Log-scale plots of two-photon excitation (TPE) cross-sections of voltage-sensitive dyes. Values ofσ2 are plotted in units of 10−50 cm4 s photon−1 as a
function of wavelength (nm): (�) mid-wavelength optics set (790–900 nm), (�) long-wavelength optics set (900–960 nm). Systematic error forσ2 is ±30%
for each point.

rescein reference was measured again. The monochromator
was tuned to the peak of the emission spectrum for each flu-
orophore. Before placing the sample in the cuvette holder,
the average excitation power was measured with the cali-
brated power meter. For each sample at each wavelength,
integrated fluorescence photon counts from the SR400 and
the averaged SHG signal were recorded. Background counts
were subtracted from the total integrated fluorescence photon
counts. Integration times were 20–40 s. Intensity tests con-
firming the power-squared dependence of the fluorescence
were performed by measuring the integrated fluorescence
at various excitation intensities. Excitation intensities were

measured with the calibrated power meter. The results were
plotted on a log–log scale and fit to a line, the slope of which
yielded the power-dependence exponent.

3. Results

3.1. Two photon excitation cross-sections

TPE cross-section measurements,σ2, for all samples
are shown inFig. 3. Cross-section values are in units
of the Goeppert-Mayer (GM), where 1 GM = 10−50 cm4 s
photon−1. Values at selected wavelengths are listed inTable 2.

Table 2
Values ofσ2 at selected wavelengths

Dye 800 nm 840 nm 880 nm 920 nm 960 nm

di-8-ANEPPS 1.4± 0.4 1.7± 0.5 2.5± 0.8 5.6± 1.7 10± 3.0
di-8-ANEPPDHQ 3.0± 0.9 4.0± 1.2 8.8± 2.6 16± 4.8 19± 5.9
RH795 0.6± 0.2 1.0± 0.3 2.5± 0.8 6.3± 1.9 10± 3.0
RH414 0.10± 0.03 0.69± 0.21 1.6± 0.5 4.6± 1.4 12± 3.6
RH421 1.9± 0.5 10± 3.0 4.0± 1.2 13.6± 4.1 16± 4.8
RH237 8.9± 2.6 2.3± 0.7 0.42± 0.1 0.84± 0.2 3.9± 1.2
RH1692 1.5± 0.4 – 0.27± 0.08 0.68± 0.2 –
Nile Blue A 0.6± 0.2 0.13± 0.04 0.24± 0.07 – –
Merocyanine 540 0.27± 0.08 0.83± 0.25 0.41± 0.1 0.74± 0.2 4.4± 1.3

Cross-sections are given in GM (1 GM = 10−50 cm4 s photon−1), and dashes represent measurements with insufficient signal-to-noise.
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Table 3
Linearity tests for power-squared fluorescence dependence

Dye Slope

RH795 2.05± 0.06
RH421 1.96± 0.06
di-8-ANEPPS 2.06± 0.08
di-8-ANEPPDHQ 1.95± 0.08

Values are slope of logarithmic plot of fluorescence (AU) as a function of
peak excitation intensity at 920 nm.

All of the blue-green-absorbing dyes (RH795, RH414,
RH421, RH237, di-8 dyes, and Merocyanine 540) exhibit
increases in cross-section between 900 and 960 nm. This is al-
most certainly because the excitation photon wavelength ap-
proaches twice the peak one-photon absorption wavelength of
the blue-green-absorbing dyes. In fact, all of the blue-green-
absorbing dyes except for RH237 exhibited increases of over
an order of magnitude asλex varied from 790 to 960 nm.
Both Nile Blue A and RH1692, the two red-absorbing dyes
in the study, exhibit an overall decrease in cross-section be-
tween 790 and 960 nm. The high values near 790 nm are most
likely due to one-photon absorption in the red absorption tail,
which extends to 750 nm in both dyes. Very little spectral dis-
continuity was observed when changing optics sets.

3.2. Linearity tests

Table 3reports the results of linearity tests for several
fluorophores. The deviation from a pure intensity-squared
law is within±6% for all samples. These results confirm that
the measured fluorescence emission was indeed true two-
photon induced fluorescence.

4. Discussion
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Fig. 4. Comparison of linear (one-photon) absorbance and two-photon ex-
citation (TPE) cross-sections (σ2) for Nile Blue A. Absorbance (defined as
−log10(I/I0), whereI/I0 is the sample transmittance) andσ2 (in units of
10−50 cm4 s photon−1) are plotted as a function of excitation wavelength
(nm) (bottom and top axes correspond to one- and two-photon excitation
wavelengths, respectively).

pared with that of its constituent components (Fig. 5). No
peak in the TPE spectrum in this range is observed, and
none is expected since the one-photon absorption maximum
is at 500 nm. However, the chimera TPE cross-section values
were double those of RH795 and di-8-ANEPPS over the en-
tire tuning range. Di-8-ANEPPS has recently been shown to
offer advantages for imaging of mammalian neuronal net-
works (Obaid et al., 2004). Combined with the fact that
790–960 nm is a typical tuning range for most of the com-
mercially available laser sources for two-photon microscopy,
di-8-ANEPPDHQ shows significant promise for two-photon
voltage-sensitive dye imaging.
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.1. Comparison with one-photon absorption spectra

When plotted as a function ofλex/2, all of the TPE cross
ection spectra mimic the trends of their one-photon
orption spectra. di-8-ANEPPS was the only fluorophor
hich the two-photon absorption peak was within our

ng range. A small peak in TPE cross-section at 850 n
bserved in this case, which is likely a blueshifted co

ate of twice the one-photon absorption peak expecte
66 nm. Other non-resonance features inFig. 3 are also

ikely to be physical trends corresponding to one-ph
bsorption spectra. For instance, the small peak at 42

n the one-photon absorption spectrum of Nile Blue A
ound in the TPE spectrum as a blueshifted peak at 83
Fig. 4).

.2. di-8-ANEPPDHQ versus RH795 and di-8-ANEPPS

A striking result in this study is the greatly increased cr
ection of the chimeric molecule di-8-ANEPPDHQ co
ig. 5. Comparison ofσ2 for di-8-ANEPPDHQ, RH795, and di-8-ANEPP
olid line: di-8-ANEPPDHQ, dashed line: di-8-ANEPPS, dotted l
H795, (�) mid-wavelength optics set (790–900 nm), (�) long-wavelength
ptics set (900–960 nm).
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4.3. Prospects for two-photon imaging using VSDs

Fluorescence-based scanning microscopy measures
a relatively small number of photons per image pixel
compared with reflectance or transmission bright-field video
microscopy. Therefore to assess the practical utility of
two-photon microscopy using voltage-sensitive dyes for
measurement of membrane potential, we consider the case
of shot-noise limited measurements. Fractional fluorescence
(�F/F) response following two-photon excitation of voltage-
sensitive dyes varies considerably between dyes (Hess and
Webb, 1998; Kuhn et al., 2004). While these studies have
reported�F/F changes from 5% to 40% per 100 mV change
in the membrane potential of cultured neurons in vitro,
for the purpose of a conservative estimate of expected
signal-to-noise ratio, we assume that with some expected
non-specific dye-binding, the in vivo�F/F is ∼1% (as in
one-photon fluorescence microscopy). To detect fractional
fluorescence changes of 1% in a single measurement with a
signal-to-noise ratio of greater than 1, it is necessary to detect
>104 photons during the physiologically relevant sampling
time. Using Eq.(5), we calculated the number of collected
photons for a realistic epi-fluorescence microscope system
(integration time = 100�s, average power at objective
focus = 10 mW, fluorescence collection efficiency = 10%,
excitation wavelength = 930 nm, membrane-bound dye
c
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