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Summary

Optical monitoring of activity provides new kinds of information about brain function. Two examples are discussed in
this article. First, the spike activity of many individual neurons in small ganglia can be determined. Second, the spatio-
temporal characteristics of coherent activity in the brain can be directly measured. This article discusses both general
characteristics of optical measurements (sources of noise) as well as more methodological aspects related to voltage-
sensitive dye measurements from the nervous system.
# 1998 Chapman & Hall

Introduction

An optical measurement of membrane potential
using a molecular probe can be bene®cial in a
variety of circumstances. In particular, this kind of
measurement offers the possibility of simultaneous
measurements from many locations. This is espe-
cially important in the study of nervous systems in
which many parts of cells or cells or regions are
simultaneously active. In addition, optical recording
offers the possibility of recording from processes that
are too small or fragile for electrode recording.

All of the optical signals described in this paper are
`fast' signals (Cohen & Salzberg, 1978). These signals
are presumed to arise from membrane-bound dye;
they follow changes in membrane potential with time
courses that are rapid compared with the rise time of
an action potential. Several voltage-sensitive dyes (see
Fig. 1) have been used to monitor changes in potential
in a variety of preparations. Two topics have been
discussed in detail in earlier reviews and will not be
covered here: (1) evidence showing that these optical
signals are potential dependent; and (2) evidence that
pharmacological effects and photodynamic damage
resulting from the voltage-sensitive dyes are manage-
able (see Cohen & Salzberg, 1978; Waggoner, 1979;
Salzberg, 1983; Grinvald et al., 1988). Earlier descrip-

tions of methods have been published (Cohen &
Lesher, 1986; Grinvald et al., 1988; Wu & Cohen, 1993).

We begin with a discussion of signal type, dyes, light
sources, photodetectors, optics and computer hard-
ware and software. This concern about apparatus arises
because the signal-to-noise ratios in optical measure-
ments are often small, and attention to detail is required
to achieve optimal results. While some of the discussion
is most relevant to our own apparatus, other aspects
would apply to any optical measurement.

The second half of the article will describe the
experimental details and examples of results obtained
from two kinds of voltage-sensitive dye measure-
ments. First, measurements of the action potential
signals of individual neurons and, secondly, popula-
tion signals representing the average change in
membrane potential from many cells and processes.
In both instances, optical recordings have provided
kinds of information about the function of the nervous
system that were previously unobtainable.

Signal type

Sometimes, it is possible to decide in advance which
kind of optical signal will give the best signal-to-noise
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ratio but, in other situations, an experimental com-
parison is necessary. The choice of signal type often
depends on the optical characteristics of the prepara-
tion. Birefringence signals are relatively large in
preparations that, like giant axons, have a cylindrical
shape and radial optical axis. However, in prepara-
tions with spherical symmetry (e.g. molluscan cell
soma), the birefringence signals in adjacent quadrants
will cancel (Boyle & Cohen, 1980). In one experiment
to which birefringence should have been tested, it
was not (Shrager et al., 1987).

Thick preparations (e.g. mammalian cortex) also
dictate the choice of signal. In these circumstances
transmitted light measurements are not easy (a
subcortical implantation of a light guide would be
necessary), and the small size of the absorption
signals that are detected in re¯ected light (Ross et
al., 1974; Orbach & Cohen, 1983) mean that
¯uorescence will be optimal (Orbach et al., 1985).
Blasdel and Salama (1986) claimed the dye-related
re¯ectance changes can be measured from cortex;
however, Grinvald et al. (1986) suggests that these
slow signals are caused by a change in intrinsic
re¯ectance.

Another factor that affects the choice of absorption
or ¯uorescence is that the signal-to-noise ratio in
¯uorescence is more strongly degraded by dye
bound to extraneous material. Fig. 2 illustrates a
spherical cell surrounded by extraneous material. In
Fig. 2A, dye binds only to the cell; in Fig. 2B, there is
10 times as much dye bound to extraneous material.
To calculate the transmitted intensity, we assume

that there is one dye molecule for every 2.5
phospholipid molecules and a large extinction coef-
®cient (105). The amount of light absorbed by the cell
is still only 0.01 of the incident light and, thus the
transmitted light is 0.99 Io. Thus, even if this dye
completely disappeared as a result of a change in
potential, the fractional change in transmission,
ÄI=Io, would be only 1% (10ÿ2). The amount of light
reaching the photodetector in ¯uorescence will be
much lower, say 0.0001 Io. But, even though the light
reaching the ¯uorescence detector is small, disap-
pearance of dye would result in a 100% decrease in
¯uorescence, a fractional change of 100. Thus, in
situations in which dye is bound only to the cell
membrane and there is only one cell in the light
path, the fractional change in ¯uorescence is much
larger than the fractional change in transmission.

However, the relative advantage of ¯uorescence is
reduced if dye binds to extraneous material. When
10 times as much dye is bound to the extraneous
material as is bound to the cell membrane (Fig. 2B),
the transmitted intensity is reduced to approxi-
mately 0.9 Io, but the fractional change in transmis-
sion is nearly unaffected. In contrast, the resting
¯uorescence is now higher by a factor of 10, and the
fractional ¯uorescence change is reduced by the
same factor. It does not matter whether the
extraneous material happens to be connective tissue,
glial membrane or neighbouring neuronal mem-
branes.

In Fig. 2B, the fractional change in ¯uorescence
was still larger than in transmission. However, in
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Fig. 1. Examples of four different chromophores that have been used to monitor membrane potential. The merocyanine
dye, XVII (WW375), and the oxonol dye, RH155, are commercially available as NK2495 and NK3041 from Nippon
Kankoh-Shikiso Kenkyusho Co., Okayama, Japan. The oxonol, XXV (WW781), and styryl, di-4-ANEPPS, are available
commercially as dye R-1114 and D-1199 from Molecular Probes, Junction City, OR, USA.
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¯uorescence, the light intensity was about 103

smaller, which reduces the signal-to-noise ratio.
Partly because of the signal degradation resulting
from extraneous dye, ¯uorescence signals have been
used most often in monitoring activity from tissue-
cultured neurons, whereas absorption has been
preferred in measurements from ganglia. Both kinds
of signals have been used in brain slices. The
discovery of methods for neuron type-speci®c
staining (see below) makes the use of ¯uorescence
more attractive.

Dyes

The choice of dye is important in maximizing the
signal-to-noise ratio. Using giant axons, more than
1500 dyes have been tested for signal size in
absorption and ¯uorescence. This screening was
made possible by the synthetic efforts of three
laboratories: Jeff Wang, Ravender Gupta and Alan
Waggoner then at Amherst College; Rina Hildesheim
and Amiram Grinvald at the Weizmann Institute;
and Joe Wuskell and Leslie Loew at the University of
Connecticut Health Center. Included in these synth-
eses were about 100 analogues of each of the four
dyes illustrated in Fig. 1. In each of these four
groups, there were 10 or 20 dyes that gave

approximately the same signal size on squid axons
(Gupta et al., 1981).

However, dyes that gave nearly identical signals
on squid axons gave very different responses on
other preparations and, thus, tens of dyes had to be
tested to maximize the signal. Examples of prepara-
tions in which a number of dyes had to be screened
are the Navanax and Aplysia ganglia (London et al.,
1987; Zecevic et al., 1989; Morton et al., 1991),
mammalian cortex (Orbach et al., 1985; Grinvald et
al., 1994), tissue-cultured neurons (Ross & Reichardt,
1979; Grinvald et al., 1981) and embryonic chick
spinal cord (Tsau et al., 1996). Some dyes that
worked well in squid did poorly in other prepara-
tions, because they do not penetrate through
connective tissue or along intercellular spaces to
the membrane of interest. Others dyes appeared to
have a relatively low af®nity for neuronal versus
non-neuronal tissue. Finally, in some cases, the dye
penetrated well and the staining appeared to be
speci®c, but nonetheless the signals were small.

Better dyes?

The dyes in Fig. 1 and the vast majority of those
synthesized in recent years are of the general class
named polyenes (Hamer, 1964), a group that is used
to extend the wavelength response of photographic

Fig. 2. (A) The light transmission and ¯uorescence intensity when only a neuron binds dye and (B) when both the
neuron and extraneous material binds dye. In (A), assuming that one dye molecule is bound per 2.5 phospholipid
molecules, 0.99 of the incident light is transmitted. If a change in membrane potential causes the dye to disappear, the
fractional change in transmission is 1%, but in ¯uorescence it is 100%. In (B), nine times as much dye is bound to
extraneous material. Now the transmitted intensity is reduced to 0.9, but the fractional change is still 1%. The
¯uorescence intensity is increased 10-fold and, therefore, the fractional change is reduced by the same factor. Thus,
extraneously bound dye degrades ¯uorescence fractional changes and signal-to-noise ratios more rapidly. Redrawn from
Cohen & Lesher (1986).

A VERY SPECIFIC
BINDING

Abs 0.99 Io (∆I/I 5 1022)
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(∆I/I 5 1021)
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®lm. It is possible that improvements in signal size
can be obtained with new polyene dyes (see
Waggoner & Grinvald, 1977 and Fromherz et al.,
1991 for a discussion of maximum possible fractional
change in absorption and ¯uorescence). On the other
hand, the fractional change on squid axons has not
increased in recent years (Gupta et al., 1981; L. B.
Cohen, A. Grinvald, K. Kamino and B. M. Salzberg,
unpublished results), and most improvements (e.g.
Grinvald et al., 1982a; Momose-Sato et al., 1995; Antic
& Zecevic, 1995; Tsau et al., 1996) have involved
synthesizing analogues that work well on new
preparations. Radically different kinds of molecules
might prove to be useful (see below).

Amplitude of the voltage change

All of the voltage-sensitive dye signals discussed in
this article are simple changes in intensity (ÄI) or the
fractional intensity change (ÄI=I). These signals give
information about the time course of the potential
change but no direct information about its magni-
tude. In some instances, indirect information about
the magnitude of the voltage change underlying the
optical signal can be obtained (e.g. Orbach et al.,
1985; Delaney et al., 1994; Antic & Zecevic, 1995).
Another approach is the use of ratiometric measure-
ments at two independent wavelengths (Gross et al.,
1994). However, to determine the amplitude of the
voltage change from a ratio measurement, one must
know the fraction of the ¯uorescence that results
from dye not bound to active membrane, a require-
ment that can only be met in special circumstances
(e.g. tissue culture).

Attempts to use optical properties other than
birefringence, absorption and ¯uorescence are dis-
cussed below.

Measuring technology

Noise
Shot noise. The limit of accuracy with which light
can be measured is set by the shot noise arising
from the statistical nature of photon emission and
detection. Fluctuations in the number of photons
emitted per unit time will occur and if an ideal light
source (tungsten ®lament at 3300 8F) emits an
average of 1014 photons msÿ1, the root±mean±
square (RMS) deviation in the number emitted is
the square root of this number or 107 photons msÿ1.
In the shot noise-limited case, the signal-to-noise
ratio is proportional to the square root of the
number of measured photons and the bandwidth
of the photodetection system (Braddick, 1960;
Malmstadt et al., 1974). The basis for the square
root dependence on intensity is illustrated in Fig. 3.
In Fig. 3A, the result of using a random number
table to distribute 20 photons into 20 time windows

is shown. In Fig. 3B, the same procedure was used
to distribute 200 photons into the same 20 bins.
Relative to the average light level, there is more
noise in the top trace (20 photons) than in the
bottom trace (200 photons). On the right side of Fig.
3, the signal-to-noise ratios are measured, and the
improvement is similar to that expected from the
square root relationship. This relationship is indi-
cated by the dotted line in Fig. 4. In a shot noise-
limited measurement, improvements in the signal-
to-noise ratio can only be obtained by: (1) increasing
the illumination intensity; (2) improving the light-
gathering ef®ciency of the measuring system; or (3)
reducing the system bandwidth.

Because only a small fraction of the 1014 photons
msÿ1 emitted by a tungsten ®lament will be meas-
ured, a signal-to-noise ratio of 107 (see above) cannot
be achieved. A partial listing of the light losses
follows. A 0.7-NA lamp collector lens would collect
0.06 of the light emitted by the source. Only 0.2 of
that light is in the visible wavelength range; the
remainder is infrared (heat). An interference ®lter of
30-nm width at half-height might transmit only 0.05
of the visible light. Finally, additional losses will
occur at all air-glass interfaces. Thus, the light
reaching the preparation might typically be reduced
to 1010 photons msÿ1. If the light-collecting system
has high ef®ciency, e.g. in an absorption measure-
ment, about 1010 photons msÿ1 will reach the photo-
detector and, if the photodetector has a quantum
ef®ciency of 1.0, then 1010 photoelectrons msÿ1 will
be measured. The RMS shot noise will be
105 photoelectrons msÿ1; thus, the relative noise is
10ÿ5 (a signal-to-noise ratio of 100 db).

Extraneous noise. A second type of noise, termed
extraneous or technical noise, is more apparent at
higher light intensities where the sensitivity of the
measurement is high because the fractional shot
noise and dark noise are low. One type of
extraneous noise is caused by ¯uctuations in the
output of the light source (see below). Two other
sources of extraneous noise are vibrations and
movement of the preparation. A number of precau-
tions for reducing vibrational noise are described in
Salzberg et al. (1977). In addition, embedding gang-
lia in 1±3% agar reduced vibrational noise (London
et al., 1987). The pneumatic isolation mounts on
vibration isolation tables are more ef®cient in
reducing vertical vibrations than in reducing hori-
zontal movements. We now use air-®lled soft
rubber tubes (Newport Corporation, Irvine, CA,
USA) or a combination of pneumatic isolation
mounts and tubes. Nevertheless, it has been dif®cult
to reduce vibrational noise to less than 10ÿ5 of the
total light. With this amount of vibrational noise,
increases in measured intensity beyond
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1010 photons msÿ1 would not improve the signal-to-
noise ratio (segment C of Fig. 4).

Noise caused by movement of the preparation is
a potential problem in in vivo measurements. The
use of agar to reduce the movements in molluscan
preparations is described in London et al. (1987).
Methods used in mammalian preparations are
described below.

Dark noise. Dark noise will degrade the signal-to-
noise ratio at low light levels (segment A of Fig. 4).

Light sources

Three kinds of sources have been used. Tungsten
®lament lamps are a stable source, but their intensity
is relatively low, particularly at wavelengths less
than 480 nm. Arc lamps are somewhat less stable but
can provide more intense illumination. Until re-
cently, measurements made with laser illumination
have been substantially noisier.

Tungsten ®lament lamps. It is not dif®cult to provide
a power supply stable enough so that the output of

the bulb ¯uctuates by less than 1 part in 105. In
absorption measurements, where the fractional
changes in intensity are relatively small, only
tungsten ®lament sources have been used. On the
other hand, ¯uorescence measurements often have
larger fractional changes that will tolerate light
sources with systematic noise better, and the mea-
sured intensities are low, making improvements in
signal-to-noise ratio from brighter sources attractive.

Arc lamps. Opti-Quip provides 150- and 250-W
xenon power supplies, lamp housing and arc lamps
with noise that is in the range 1 part in 10ÿ4 (item 1
in Approximate costs). In our apparatus, the 150-W
bulb yielded 2±3 times more light at 520� 45 nm
than a tungsten ®lament bulb and, in turn, the 250-
W bulb was 2±3 times brighter than the 150-W
bulb. The extra intensity is especially useful for
¯uorescence measurements from single neurons. If
the dark noise is dominant, then the signal-to-noise
ratio will improve linearly with intensity and, if the
shot noise is dominant, it will improve as the
square root of intensity (Fig. 4).
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Fig. 3 Plots of the results of using a table of random numbers to distribute 20 photons (top, A) or 200 photons (bottom,
B) into 20 time bins. The result illustrates the fact that, when more photons are measured, the signal-to-noise ratio is
improved. On the right, the signal-to-noise ratio is measured for the two results. The ratio of the two signal-to-noise
ratios was 2.8. This is close to the ratio predicted by the relationship that the signal-to-noise ratio is proportional to the
square root of the measured intensity. Redrawn from Wu & Cohen (1993).
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Lasers. It has been possible to take advantage of two
useful characteristics of laser sources. First, in
preparations with minimal light scattering, the laser
output can be focused onto a small spot allowing
measurement of membrane potential from small
processes in tissue-cultured neurons (Grinvald &
Farber, 1981). Secondly, the laser beam can be
positioned ¯exibly and rapidly using acousto-optical
de¯ectors (see below). However, there may be
excess noise, which may be caused by laser speckle
(Dainty, 1984).

Optics

Numerical aperture. The need to maximize the num-
ber of measured photons has also been a dominant
factor in the choice of optical components. The
number of photons collected by an objective lens in
forming the image is proportional to the square of
the numerical aperture (NA). In epi¯uorescence,

both the excitation light and the emitted light pass
through the objective, and the intensity reaching the
photodetector is proportional to the fourth power of
NA. Accordingly, objectives (and condensers) with
high numerical apertures have been employed.
Unfortunately, conventional microscope optics have
low numerical apertures at low magni®cations.
Salama (1988), Ratzlaff and Grinvald (1991), and
Kleinfeld and Delaney (1996) took advantage of the
high NA that can be achieved by using a camera
lens in place of a microscope objective. Fig. 5
illustrates a microscope that we assembled based on
a 25-mm focal length, 0.95 f, C-mount, camera lens
(item 2 in Approximate costs). With a (item 2 in
Approximate costs) magni®cation of 43, the inten-
sity reaching the photodetector was 100 times larger
with this microscope than with our conventional
microscope.

Objective ef®ciency. Direct comparison of the inten-
sity reaching the image plane has shown that the
light-collecting ef®ciency of an objective is not
completely determined by the stated magni®cation
and NA. We recommend empirical tests of several
lenses for ef®ciency.

Depth of focus. Salzberg et al. (1977) determined the
effective depth of focus for a 0.4-NA objective lens
by recording an optical signal from a neuron when
it was in focus and then moving the neuron out of
focus by various distances. They found that the
neuron had to be moved 300 ìm out of focus to
cause a 50% reduction in signal size. (This result
will be obtained only when the diameter of the
neuron image and the diameter of the detector are
similar.) Using 0.5-NA optics, 100 ìm out of focus
led to a reduction of 50% (Kleinfeld & Delaney,
1996).

Light scattering and out-of-focus light. Light scattering
can limit the spatial resolution of an optical mea-
surement. London et al. (1987) measured the
scattering of 705-nm light in Navanax buccal gang-
lia. They found that inserting a ganglion in the light
path caused light from a 30-ìm spot to spread so
that the diameter of the circle of light that included
intensities greater than 50% of the total was roughly
50 ìm. The spread was greater, to about 100 ìm,
with light of 510 nm. As the blurring is not large
compared with the average cell diameter at the
wavelengths used for measuring spike signals
(705 nm), scattering did not lead to a large over-
estimate of cell size; but it did degrade the signal-
to-noise ratio. Fig. 6 illustrates the results of similar
experiments carried out on the salamander olfactory
bulb (Orbach & Cohen, 1983). The top section
indicates that, when no tissue is present, essentially
all of the light (750 nm) from a small spot falls on
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Fig. 4 Signal-to-noise ratio as a function of light intensity
in photons msÿ1. The approximate light intensity per
detector in ¯uorescence measurements from an individual
neuron is indicated by arrow 1. The approximate intensity
in absorption measurements in ganglia or brain slices is
indicated by arrow 2. The theoretical optimum signal-to-
noise ratio (dotted line) is the shot noise limit. The signal-
to-noise ratio expected with a silicon diode detector is
indicated by the solid line. The silicon diode signal-to-
noise ratio approaches the theoretical maximum at
intermediate light intensities (segment B) but falls off at
low intensities (segment A) because of dark noise, and
falls off at high intensities (segment C) because of
extraneous noise. The expected signal-to-noise ratio for a
vacuum photocathode detector is indicated by the dashed
line. At low intensities the vacuum photocathode is better
than a silicon diode, because it has less dark noise. At
intermediate intensities it is not as good because of its
lower quantum ef®ciency. Redrawn from Cohen & Lesher
(1986).
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one detector. Fig. 6C illustrates the result when a
500-ìm-thick slice of olfactory bulb is present. The
light from the small spot is spread to about 200 ìm.
Mammalian cortex appears to scatter more than the
olfactory bulb. Thus, light scattering will cause
considerable blurring of signals in adult vertebrate
preparations.

A second source of blurring is signal from regions
that are out of focus. For example, if the active
region is a cylinder (a column) perpendicular to the
plane of focus and the objective is focused at the
middle of the cylinder, then the light from the
middle will have the correct diameter at the image
plane. However, the light from the regions above
and below are out of focus and will have a

diameter that is too large. Fig. 6B illustrates the
effect of moving the small spot of light 500 ìm out
of focus. The light from the small spot is spread to
about 200 ìm. Thus, in preparations with consider-
able scattering or with out-of-focus signals, the
actual spatial resolution may be limited by the
preparation and not by the number of pixels in the
imaging device.

Confocal and two-photon microscopes. The confocal
microscope (Petran & Hadravsky (1966)) substan-
tially reduces both the scattered and the out-of-
focus light that contributes to the image. More
recently, a modi®cation using two-photon excitation
of the ¯uorophore has been developed. This kind of

Fig. 5. Photograph of a microscope constructed around a 25-mm, 0.95 f, C-mount camera lens. This lens is used to form a
magni®ed image of the preparation onto the photodiode array. With this microscope, at a magni®cation of 43, 100 times
more light reached the photodetectors than with our conventional microscope. The end of the 25-mm lens that normally
faces the camera is facing the preparation. This orientation results in a larger numerical aperture. The light source is a
12 V, 100 W, tungsten ®lament bulb. With the illumination intensities available with this system, photodynamic damage
is seen after several 20-s periods of illumination in the experiments on turtle visual cortex; thus, the use of a brighter
light source would be counterproductive for these recordings.
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excitation reduces out-of-focus ¯uorescence and
photobleaching (Denk et al., 1995). With both types
of microscope, one can obtain images from intact
vertebrate preparations with much better spatial
resolution than was achieved with ordinary micro-
scopy. These microscopes have been used very
successfully to monitor changes in calcium concen-
tration inside small processes of neurons (Eilers et
al., 1995; Yuste & Denk, 1995). However, at present,
the sensitivity of these microscopes is relatively
poor; there are no reports of their use to measure
the small signals obtained with voltage-sensitive
dyes of the type discussed in this article. On the
other hand, slower voltage-sensitive dye signals
have been measured confocally (Loew, 1993).

Random-access ¯uorescence microscopy. Bullen et al.
(1997) have used acousto-optic de¯ectors to con-
struct a random-scanning microscope and were able
to measure signals from parts of cultured hippo-

campal neurons. To reduce the effects of ¯uctua-
tions in the laser output, the ¯uorescence signals
were divided by the output of a photodetector
sampling the incident light. Relatively large signal-
to-noise ratios were obtained using voltage-sensitive
dyes; however, there was no direct comparison with
the signal-to-noise ratios obtained with a photo-
diode array system.

Photodetectors

As the signal-to-noise ratio in a shot noise-limited
measurement is proportional to the square root of the
number of photons converted into photoelectrons (see
above), quantum ef®ciency is critical. As indicated in
Table 1, silicon photodiodes have quantum ef®cien-
cies approaching the ideal at wavelengths at which
most dyes absorb or emit light (500±900 nm). In
contrast, only specially chosen vacuum photocathode
devices (phototubes, photomultipliers or image in-

Fig. 6. Effects of focus and scattering on the distribution
of light from a point source onto the array. (A) A 40-ìm
pinhole in aluminium foil covered with saline was
illuminated with light at 750 nm. The pinhole was in
focus. More than 90% of the light fell on one detector. (B)
The stage was moved downwards by 500 ìm. Light from
the out-of-focus pinhole was now seen on several
detectors. (C) The pinhole was in focus but covered by
a 500-ìm slice of salamander cortex. Again, the light from
the pinhole was spread over several detectors. A
10 3 0:4 NA objective was used. KoÈhler illumination was
used before the pinhole was placed in the object plane.
The recording gains were adjusted so that the largest
signal in each of the three trials would be approximately
the same size in the ®gure. Redrawn from Orbach &
Cohen (1983).

A    pinhole in focus B    500 µm out of focus

C    in focus under 500 µm of cortex

Table 1. Detector comparison

Silicon diode Vacuum photocathode

Quantum ef®ciency 0.9 0.15
Dark noise equivalent power ,107 photons sÿ1 ,105 photons sÿ1

1= f noise Some diodes No
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tensi®ers) have a quantum ef®ciency as high as 0.15.
Thus, in shot noise-limited situations, a silicon diode
will have a signal-to-noise ratio that is at least 2.5
times larger. This advantage is indicated in Fig. 4 by
the fact that the diode curve (solid line) is higher than
the vacuum photocathode curve (dashed line) over
much of the intensity range (segment B).

Dark noise can degrade the signal-to-noise ratio
from this theoretical limit. While the dark noise is
generally far larger in a silicon diode system than in
a vacuum photocathode system (Table 1), the diode
dark noise can be reduced substantially by cooling.
Nonetheless, at low light levels (e.g. ,107 photo-
ns msÿ1 at room temperature), a vacuum photo-
cathode device will provide a larger signal-to-noise
ratio. When the light level is reduced so that the shot
noise is less than the dark noise, the signal-to-noise
ratio decreases linearly with light intensity (segment
A, Fig. 4). The crossover in signal-to-noise ratio
between the silicon diode and the vacuum photo-
cathode device occurs at about 107 photons msÿ1 at
room temperature (arrow 1, Fig. 4), which is near the
intensities obtained in ¯uorescence measurements
from individual neurons stained with voltage-sensi-
tive or ion-sensitive dyes. The ¯uorescence intensity
from ganglia and intact cortex is large enough so
that silicon photodiodes are optimal.

Imaging devices

Many factors must be considered in choosing an
imaging system. Perhaps the most important con-
siderations are the requirements for spatial and
temporal resolution. Because the signal-to-noise ratio
in a shot noise-limited measurement is proportional
to the number of measured photons, increases in
either temporal or spatial resolution reduce the
signal-to-noise ratio. While several types of imaging
devices will be considered, the emphasis will be on
systems that allow frame rates near 1 kHz.

Film. One type of imager that has outstanding
spatial and temporal resolution is movie ®lm. But,
because it is dif®cult to obtain quantum ef®ciencies
of even 1% with ®lm (Shaw, 1979), there would be a
substantial degradation in signal-to-noise. This and
other dif®culties, including frame-to-frame and
within-frame non-uniformity of the emulsion, has
discouraged attempts to use ®lm.

Silicon diode arrays. Arrays of silicon diodes are
attractive because they have nearly ideal quantum
ef®ciences.

Parallel readout arrays. Diode arrays with 256±1020
elements are now in use in several laboratories
(Iijima et al., 1989; Nakashima et al., 1992; Zecevic et
al., 1989; Hirota et al., 1995). In addition, Hamma-
matsu has constructed a system with 2500 elements.

These arrays are designed for parallel readout; each
detector is followed by its own ampli®er whose
output can be digitized at frame rates of 1 kHz.
While the need to provide a separate ampli®er for
each diode element limits the number of pixels in
parallel readout systems, it contributes to the very
large (105) dynamic range that can be achieved. A
discussion of ampli®ers has been presented earlier
(Wu & Cohen, 1993). Two parallel readout array
systems are commercially available; items 3 and 4 in
Approximate costs.

Serial readout arrays. By using serial readout, the
number of ampli®ers can be reduced. Gen Matsu-
moto and his collaborators at the Electrotechnical
Laboratory in Tsukuba City together with Fuji Film
have implemented a 128 3 128 (16 384 pixel) CCD
array that can be read out at a frame rate of 2 kHz
(Ichikawa et al., 1992; Iijima et al., 1992). At 1 kHz,
the data rate from this system is 32 Mbytes sÿ1,
requiring relatively specialized hardware for record-
ing. The commercial Fuji system is much less
sensitive than parallel readout arrays at the light
levels obtained in ¯uorescence measurements from
the nervous system. Furthermore, the Fuji system
saturates at the light levels that can be obtained in
absorption measurements and, therefore, must be
used with reduced illumination (which reduces the
signal-to-noise ratio). Several slower systems based
on CCD cameras have been used to measure
activity-dependent optical signals in neurobiological
preparations (Lasser-Ross et al., 1991; Delaney et al.,
1994; Poe et al., 1994). Lasser-Ross et al. (1991) have
modi®ed the software for a Photometrics CCD
camera to allow several choices of spatial and
temporal resolution. Table 2, from their paper,
illustrates these choices. The dynamic range of
CCD cameras is limited by saturation and by the
accuracy of the analogue-to-digital conversion. A
dynamic range of 103 is not easily achieved. These
cameras saturate at the ¯uorescence intensities that
can be obtained from vertebrate brain preparations
but are close to ideal for measurements from
individual neurons stained with internally injected
dyes.

Vacuum photocathode cameras. While the lower quan-
tum ef®ciencies of vacuum photocathodes is a
disadvantage, these devices may be preferable in low
light measurements (Fig. 4). One of these, a Radechon

Table 2. Spatial and temporal resolution from a photo-
metrics camera (from Lasser-Ross et al., 1991)

Frame rate Pixels

100 sÿ1 324
40 sÿ1 2 500
20 sÿ1 10 000
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(Kazan & Knoll, 1968), has an output proportional to
the changes in the input. Vacuum photocathode
cameras have been used in recordings from mamma-
lian cortex (Blasdel & Salama, 1986) and salamander
olfactory bulb (Kauer, 1988; Cinelli et al., 1995).

In most of these systems, the image recorder has
been placed in the objective image plane of a
microscope. However, Tank and Ahmed (1985)
suggested a scheme by which a hexagonal close-
packed array of optical ®bres is positioned in the
image plane, and individual photodiodes are con-
nected to the other end of the optical ®bres. The
464-pixel cameras sold by OptImaging, LLC. (see
Approximate costs) are based on this scheme.

Dynamic range

An important ®gure of merit for an optical recording
system is dynamic range; this number can be
speci®ed in db, in bits, or as an exponent (e.g.
100 db � 17 bits � 105). the dynamic range deter-
mines the size of smallest fractional change that can
be measured. For example, a dynamic range of
100 db would allow one to measure a signal with a
fractional change (ÄI=I) of 10ÿ5. The smallest signal
that can be measured with a dynamic range of 60 db
is 10ÿ3. The dynamic range cannot be larger than the
effective resolution of the analogue-to-digital con-
verter, but it can be considerably smaller if, for
example, saturation in the photodetector limits the
number of measured photons. Dynamic range can
also be reduced by extraneous noise (see above).

Other optical signals

Improvements in the signal-to-noise ratios would
clearly be useful. Only for absorption, ¯uorescence
and birefringence have a large number of dyes been
tested. A number of avenues remain partially or
completely unexplored.

Gonzalez and Tsien (1995) measured energy trans-
fer between a pair of dyes, one within the membrane
and one on a lectin molecule bound to the outside of
the membrane. In tissue culture preparations, they
found fractional ¯uorescence changes (about 10%)
that are as big as the largest signals found with styryl
dyes in similar preparations (Grinvald et al., 1982a;
Loew et al., 1985). One dif®culty with the requirement
that one of the pair be within the membrane is that it
must be quite hydrophobic; hydrophobic dyes will be
dif®cult to use in intact preparations, because they
will not penetrate into the tissue. It is hoped that
further efforts will remove this restriction and in-
crease the size of the signal.

Bouevitch et al. (1993) and Ben-Oren et al. (1996)
found that membrane potential changed the non-
linear second harmonic generation from styryl dyes
in cholesterol bilayers and in ¯y eyes. Large (50%)

fractional changes were measured. It is hoped that
improvements in the illumination intensity will
result in larger signal-to-noise ratios.

Ehrenberg and Berezin (1984) have used reso-
nance Raman to study surface potential; these
methods might also be applicable for measuring
transmembrane potential. There was a report of
holographic signals in leech neurons (Sharnoff et al.,
1978a), but signals were not found in subsequent
experiments on squid axons (Sharnoff et al., 1978b).
There were also reports of changes in intrinsic
infrared absorption (Sherebrin, 1972; Sherebrin et al.,
1972), but these have not been pursued further.

Two examples

Action potentials from individual neurons in an Aplysia
ganglion

Nervous systems are made up of large numbers of
neurons; and many of these are simultaneously
active during the generation of behaviours. The
original motivation for developing optical methods
was the hope that they could be used to record all of
the action potential activity of all the neurons in
simpler invertebrate ganglia during behaviours
(Davila et al., 1973). Techniques that use microelec-
trodes to monitor activity are limited in that they can
observe single cell activity in only as many cells as
one can simultaneously place electrodes (typically
two or three neurons). Obtaining information about
the activity of many cells is essential for under-
standing the roles of the individual neurons in
generating behaviour and for understanding how
nervous systems are organized.

In the ®rst attempt to use voltage-sensitive dyes
in ganglia (Salzberg et al., 1973), we were fortunate
to be able to monitor activity in a single neuron,
because the photodynamic damage was severe and
the signal-to-noise ratio small. Now, however, with
better dyes and methods, the spike activity of
hundreds of individual neurons can be recorded
simultaneously (Zecevic et al., 1989; Nakashima et
al., 1992). In the experiments described below, we
measured the spike activity of up to 50% of the
approximately 1000 cells (Cash & Carew, 1989;
Coggeshall, 1967) in the Aplysia abdominal gang-
lion. Opisthobranch molluscs have been a prepara-
tion of choice for this kind of measurement, because
their central nervous systems have relatively few,
relatively large neurons and almost all of the cell
bodies are fully invaded by the action potential.
This is important because the signal-to-noise ratio
for action potential recording in ganglia is not large,
and it would be even lower if the cell bodies did
not have a full-sized action potential.

Optical recordings were made using a 464-element
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silicon photodiode array system with parallel readout
(Fig. 7) (Falk et al., 1993); Wu & Cohen, 1993). The
diode array was placed in the image plane formed by
a microscope objective of 25 3 0:4 na. A single-pole
highpass and a four-pole lowpass Bessel ®lter in the
ampli®ers limited the frequency response to 1.5±
200 Hz. We used the isolated siphon preparation
developed by Kupfermann et al. (1971). Considerable
effort was made to ®nd conditions that maximized
the dye staining while causing minimal pharmaco-
logical effects on the gill-withdrawal behaviour. Intact
ganglia were incubated in a 0.15 mg mlÿ1 solution of
the oxonol dye, RH155 (Fig. 1) (or its diethyl
analogue) using a protocol developed by Nakashima

et al. (1992). A light mechanical stimulation (1±2 g)
was delivered to the siphon.

Because the image of a ganglion is formed on a
rectilinear diode array, there is no simple corre-
spondence between images of cells and photodetec-
tors (Fig. 7, lower right). The light from larger cell
bodies will fall on several detectors, and its activity
will be recorded as simultaneous events on neigh-
bouring detectors. In addition, because these pre-
parations are multilayered, most detectors will
receive light from several cells. Thus, a sorting step
is required to determine the activity in neurons
from the spike signals on individual photodiodes. In
the top right of Fig. 8 the raw data from seven

Photodiode
array

464
 amplifers Computer Display

Video tape

Recording
electrodeObjective

Abdominal
ganglion

Siphon

Condenser

Light
source

Filter

Mirror

Gill
Genital N.

Siphon N.

Branchial N.

Left conn. Right conn.

Fig. 7. Schematic diagram of the apparatus used in the Aplysia measurements. Light from a tungsten halogen lamp
passed through a 720� 25 nm interference ®lter and was focused on the preparation. We used a modi®cation of KoÈhler
illumination (Leitz Ortholux II microscope) where the condenser iris was opened so that the condenser numerical
aperture would equal the objective numerical aperture. A 464-element photodiode array was placed at the plane where
the objective forms the real, inverted image. The outputs from each diode were ampli®ed individually. The ampli®er
outputs were digitized by a 512-channel, 12-bit, analogue-to-digital converter and stored in a PC computer. The ®gure
illustrates the isolated siphon preparation (Kupfermann et al., 1971). The relative size and position of the photodiode
array and the image of an Aplysia abdominal ganglion is shown on the lower right. Redrawn from Falk et al. (1993).
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photodiodes from an array are shown. The activity
of four neurons (shown in the raster diagram at the
bottom) can account for the spike signals in the top
section. Two problems are illustrated in this ®gure.
Both arise from the signal-to-noise ratio. First, there
may be an additional spike on detector 116 just
before the stimulus (at the arrow), but the signal-to-
noise ratio was not large enough to be certain.
Secondly, following the stimulus, there is a great
deal of activity that will obscure small signals.

The result of a complete anslysis is shown in the

raster diagram of Fig. 9. The mechanical stimulus
occurred at the time indicated by the bar at the
bottom. There are 135 neurons whose activity was
detected optically. Similar results have been ob-
tained by Nakashima et al. (1992). We estimated that
the recording illustrated in Fig. 9 was about 50%
complete (Wu et al., 1994b). Thus, the actual number
of activated neurons during the gill-withdrawal
re¯ex was about 300.

We were surprised at the large number of
neurons that were activated by the light touch.

Photodiode outputs

114

115

116

119

120

121

124

Touch

4

3

21

Neuron activity

1

2

3

4

0.5 s

121 116

120 115

119 114124

1

1 1

1 11

2

2

2

33

44

Fig. 8. Optical recordings from a portion of a photodiode array from an Aplysia abdominal ganglion. The drawing to the
left represents the relative position of the detectors whose activity is displayed. In the top right, the original data from
seven detectors is illustrated. The numbers to the right of each trace identify the detector from which the trace was
taken. The bottom section shows the raster diagram illustrating the results of our sorting of this data into the spike
activity of four neurons. At the number 1 in the top section, there are synchronously occurring spike signals on all seven
detectors. A synchronous event of this kind occurs more than 20 times; we presume that each event represents an action
potential in one relatively large neuron. The activity of this cell is represented by the vertical lines on trace 1 of the
bottom section. The activity of a second cell is indicated by small signals at the number 4 on 119 and its neighbour, 124.
The activity of this cell is represented by the vertical lines on trace 4 of the bottom section. The activity of neurons 2 and
3 was similarly identi®ed. Modi®ed from Zecevic et al., (1989).
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RESPONSE TO SIPHON TOUCH
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Fig. 9. Raster diagram of the action potential activity
recorded optically from an Aplysia abdominal ganglion
during a gill-withdrawal re¯ex. The touch to the siphon
occurred at the time of the bar labelled STIM. In this
recording, activity in 135 neurons was measured. We
think this recording is incomplete and that the actual
number of active neurons was between 250 and 300. Most
neurons are activated by the touch but one, no. 4334
(about 1=3 down from the top), was inhibited. This
inhibition was seen in repeated trials in this preparation.
Modi®ed from Wu et al. (1994b).
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Furthermore, a substantial number of the remaining
neurons are likely to be either inhibited by the
stimulus or receive a large subthreshold excitatory
input. It is almost as if the Aplysia nervous system
is designed such that every cell in the abdominal
ganglion cares about this (and perhaps every)
sensory stimulus. In addition, more than 1000
neurons in other ganglia are activated by this touch
(Tsau et al., 1994). Clearly information about this
very mild and localized stimulus is propagated
widely in the Aplysia nervous system. These results
force a more pessimistic view of the present
understanding of the neuronal basis of apparently
simple behaviours in relatively simple nervous
systems. Elsewhere, we present arguments suggest-
ing that the abdominal ganglion may function as a
distributed system (Wu et al., 1994; Tsau et al.,
1994).

Population signals from turtle visual cortex

In the preceding experiments on Aplysia ganglia,
each detector received light from one neuron or a
small number of neurons. In contrast, in measure-
ments from the turtle visual cortex, each detector
received light from a 200-ìm square area of cortex,
which includes thousands of neurons. The resulting
signal will be a population average of the change in
membrane potential of all of these cells. Populations
signals have been recorded from many preparations
(e.g. Grinvald et al., 1982b; Orbach & Cohen, 1983;
Sakai et al., 1985; Kauer, 1988; Cinelli & Salzberg,
1992; Albowitz & Kuhnt, 1993); the results from

turtle are described because of our familiarity with
them.

Prechtl (1994) discovered that visual stimuli
induced oscillations in the local ®eld potential of
the turtle visual cortex. He found that a moving
stimulus would induce oscillations that were some-
times synchronous when comparing regions of
dorsal cortex and the dorsal ventricular ridge. This
synchrony at two locations would imply that there
was a standing wave of depolarization. We meas-
ured the voltage-sensitive dye signal that accom-
panies these oscillations; this allowed a detailed
visualization of their spatiotemporal characteristics.

The dorsal cortex was exposed by removing the
overlying bone; the pial surface was incubated with
a 0.25±0.8 mg mlÿ1 solution of the styryl dyes, RH-
795 (Grinvald et al., 1994) or JPW1114 (Antic &
Zecevic, 1995) for 15 min. No other dyes were
tested. The brain was partially isolated by sectioning
the spinal cord and cutting cranial nerves IV±XII.
To eliminate artifacts resulting from the heartbeat
and the movement of blood cells through the brain,
the turtle was perfused with a steady ¯ow of an
oxygenated arti®cal cerebrospinal ¯uid.

Two kinds of stimuli were used: a step increase
in diffuse light or a looming stimulus; both had a
duration of 3 s. Fig. 10A (Prechtl et al., 1997) shows
the responses from a single photodetector to both a
looming (top) and a diffuse light (bottom) stimulus.
The diode output was ®ltered with a bandpass of
0.35±50 Hz. For both stimuli, part of the response is
a relatively large and long-lasting depolarization.

Fig. 10. The outputs of individual detectors in a population signal measurement from turtle visual cortex. The responses
to both looming and diffuse light stimuli include both very low frequency (,0.1 Hz) and higher frequency (1±30 Hz)
components. (A) The response of the same detector to the two kinds of visual stimuli. (B) The response to a looming
stimulus measured simultaneously in two different detectors. To emphasize the high-frequency components, these
signals have been further ®ltered to remove components below 3 Hz. The length of the vertical calibration on the right
represents the stated value of the change in ¯uorescence divided by the resting ¯uorescence (ÄF=F). Modi®ed from
Prechtl et al. (1997).
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The response to the looming stimulus has a longer
latency and returned to the baseline more slowly.
From the signals measured with the same dyes on
other preparations where there was a direct com-
parison with an intracellular electrode recording, we
infer that an upward de¯ection in this ®gure
represents a depolarization.

Riding on top of the long-lasting components in
Fig. 10A are higher frequency signals; these were
larger in the looming response than in the diffuse
light response. These high-frequency components
are emphasized by increasing the high-pass cutoff
to 3.0 Hz and increasing the gain (Fig. 10B). The top
trace in Fig. 10B is from the same data as that
shown in the top trace in Fig. 10A. The bottom trace
in Fig. 10B is from a second detector, which
received light from an area of cortex that was
1.2 mm away. Although a few events in these two
detectors appear to be in phase, there are many
instances where the two traces are quite different.
This result implies that the high-frequency signal
does not result from either a simple standing wave
or a repetitive travelling wave. It is, however, very
dif®cult to infer anything about the spatial spread
of these signals from an examination of these two
traces.

The same experiment is presented as a series of
pseudocolour frames made using the data from all
of the diode array (Fig. 11). Each frame is separated
by 4 ms; red represents depolarizations and purple
hyperpolarizations (normalized to each detector).
The series starts at the top left and goes left-to-right
and then top-to-bottom. The time of the beginning
of the looming stimulus is 684 ms before the ®rst
picture. The response consists of a very complex,
non-repeating pattern of travelling and=or expand-
ing and contracting waves of depolarization that
continues after the end of the stimulus. The waves
differ in their origins, direction and speed of travel,
end points and the area of cortex involved (Prechtl
et al., 1997).

Thus, the voltage-sensitive dye recording has
provided a uniquely detailed picture of the spatial
aspects of this oscillatory response. This response is
quite complex and, indeed, more complex than
Prechtl (1994) had anticipated from his local ®eld
potential measurements.

In vivo mammalian brain

Measuring population signals from in vivo mamma-
lian preparations is more dif®cult than the perfused
turtle because of additional sources of noise from the
heartbeat and respiration and probably also because
mammalian preparations are not as easily stained.
Two methods for reducing the movement artifacts
from the heartbeat are, together, quite effective. First,
a subtraction procedure is used where two record-

ings are made but only one of the trials has a
stimulus (Orbach et al., 1985). Both recordings are
triggered from the upstroke of the electrocardiogram
so both should have similar heartbeat noise. When
the trial without the stimulus is subtracted from the
trial with the stimulus the heartbeat artifact is
reduced. Secondly, an airtight chamber is ®xed onto
the skull surrounding the craniotomy (Blasdel &
Salama, 1986). When this chamber is ®lled with
silicon oil and closed, the movements caused by
heartbeat and respiration are substantially reduced.
Using both methods reduces the noise from these
movement artifacts enough, so that it is no longer
the main source of noise in the measurement.

Future directions

Attempts to measure the action potential activity in
many neurons during behaviours has been carried
out in only two situations, the gill-withdrawal re¯ex
in Aplysia and feeding in Navanax (London et al.,
1987). Similarly, optical recordings from vertebrate
brain during behaviours have been made in only a
few instances. Thus, an obvious future direction is to
apply these techniques to other behaviours and
preparations.

A second direction is to improve the sensitivity of
the voltage-sensitive dye measurements. Because the
apparatus is already optimized, much of this
improvement will need to come from the develop-
ment of better dyes and investigating signals from
additional optical properties of the dyes.

A third direction is the development of methods
for neuron type-speci®c staining of vertebrate
preparations. The use of retrograde staining proce-
dures has recently been investigated in the
embryonic chick and lamprey spinal cords (Hickie
et al., 1996; Tsau et al., 1996; Wenner et al., 1996).
Spike signals from individual neurons were meas-
ured in the lamprey experiments. An identi®ed
cells class (motoneurons) was selectively stained.
Further efforts at optimizing this staining proce-
dure are needed. A second possibility is the use of
cell type-speci®c staining developed for ¯uorescein
by Nirenberg and Cepko (1993). It might be
possible to use similar techniques for voltage-
sensitive or ion-sensitive dyes. Third, Siegel &
Isacoff (1997) constructed a genetically encoded
combination of a potassium channel and green
¯uorescent protein. When introduced into a frog
oocyte, this molecule had a (relatively slow)
voltage-dependent signal with a fractional ¯uores-
cence change of 5%.

Optical recordings provide unique insights into
brain activity and organization. Improvements in
sensitivity or selectivity would make these methods
more powerful.
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Fig. 11. Pseudocolour images of turtle visual cortex in response to a looming stimulus. The depolarizing events are both
complex and variable. The data were ®ltered with a bandpass of 3±50 Hz (as in Fig. 10B) before making the display.
Frames were recorded every millisecond but each frame in this ®gure has the average intensity for a 4-ms period. The
®rst frame (upper left corner) occurs 684-ms before the onset of the stimulus. The last frame (bottom right corner) is 320-
ms later. The pseudocolour pictures from the period after the stimulus were similar to the frames shown in the bottom
line of this ®gure. The pseudocolour pictures were made by assigning red to depolarizations and purple to
hyperpolarizations. Modi®ed from Prechtl et al. (1997).
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Approximate costs (in the US: $US, November 1996)

1. 250-W Xenon arc lamp housing and
power supply Opti-Quip, Highland
Mills, NY, USA

4000

2. Microscope illustrated in Fig. 5
a. Stand (Spindler & Hoyer, Milford,

MA, USA)
100

b. Sliders (Spindler & Hoyer) 800
c. X±Y stage (New England Applied

Technologies, Lawrence, MA, USA)
600

d. Lens; precision 25 mm 0.95 f, C-
mount lens

300

e. Dichroic mirror (Omega Optical,
Brattleboro, VT, USA)

150

f. Mirror and lens holders (Spindler &
Hoyer)

600

3. 464-element photodiode array system
Diode array, housing, ®rst and second
stage ampli®ers, a-to-d converter, com-
puter, software (OptImaging, LLC,
Fair®eld, CT, USA)

70 000

4. 256-element photodiode array system.
Diode array and ®rst-stage ampli®er
(Hamamatsu Corp. Bridgewater, NJ,
USA)

14 000
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