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ABSTRACT Optical methods using changes in fluorescence
and absorption of voltage-sensitive dyes were developed to record
electrical activity from processes of nerve cells grown in mono-
layer culture. For transmission measurements, a merocyanine dye
was discovered that was more sensitive than others previously
tested on cultured neurons. Action potentials from the somata of
these cells were detected without averaging, with a signal-to-noise
ratio of 20:1. With this dye, electrical responses were simulta-
neously recorded from many points along the arborization of neu-
roblastoma cells by using a 10 x 10 array ofphotodiodes positioned
in the microscope image plane. Frequently different processes had
different shapes of electrical responses, suggesting regional spe-
cializations. Fluorescence measurements with an oxonol dye
proved to be more sensitive than transmission measurements, par-
ticularly when recording from small processes. By changing the
position of the cell relative to a laser microbeam while recording
electrically from the cell body, it was possible to monitor the mem-
brane potential in the cell body and in the process simultaneously.
From the delay in reponse in the process, a lower limit for the
mean conduction velocity of 0.2-0.6 m/sec was found for 2- to 7-
,um processes. The mean space constants of processes were esti-
mated by comparing the amplitudes of passive voltage responses
in the cell body and growth cone. A lower limit of400-950 ,um was
obtained for 4- to 7-,um processes.

Many questions in neurobiology require an understanding of
the regional properties ofneurons. For example, the integration
of multiple synaptic inputs by single nerve cells requires a
knowledge of the passive and active electrical membrane prop-
erties ofthe dendritic branches, soma, and axon (1-4); the space
constants of each of the processes and the location and nature
of specialized segments with localized excitability must be de-
termined. Also, the role that given ions play in the regulation
of neuronal development requires knowledge of the electrical
properties of the developing neurites (5). Yet, the electrical
events in the growth cone are not known.

,Nerve cells maintained in tissue culture offer a simplified
system for studying these electrical parameters, yet these ques-
tions are difficult to approach by current techniques because
it is hard to record intracellularly from small processes. Extra-
cellular recording from small processes ofcultured neurons has
been reported (6-8). However, this technique is inadequate
when studying graded potentials or regional variations in the
form of the action potential (9, 10). Furthermore, simultaneous
measurements of events in different regions within one neuron
are very hard with classical recording methods. Some of the
limitations inherent in these methods were recently discussed
(10).

Optical methods for measuring membrane potential by using
voltage-sensitive dyes have been developed by Cohen and co-

workers (11-14) and by Waggoner (15) and colleagues. These
dyes act as molecular transducers which transform changes in
membrane potential into changes in optical properties ofstained
neurons. (For recent reviews see refs. 15-18.)
The optical signals are relatively small and, therefore, are

difficult to detect. Considerable effort has been expended to
optimize the apparatus and to select the best probes. Almost
1000 dyes have been already tested on squid giant axons (11,
12). A few of those are sensitive enough to be used to record
the neuronal activity of several invertebrate central nervous
systems (19). However, Ross and Reichardt (20) have reported
that there was a species-specific difference in the optical re-
sponse of a number of absorption dyes; the best dyes were not
sufficiently effective when tested on dissociated cells from ver-
tebrate neuronal preparations.

In this paper we report the discovery of sensitive transmis-
sion (absorption) and fluorescence probes for cultured neurons
and used both methods to record from multiple sites on a single
nerve cell and its processes. In addition, we implemented a
laser microbeam to provide localized illumination for fluores-
cence experiments. The experiments show that optical tech-
niques can be applied to the determination of conduction ve-
locity in the processes, to the measurement of space constants,
and to the detection of regional variations in electrical prop-
erties which are not easily determined with conventional
techniques.

MATERIALS AND METHODS
Cell Cultures. Mouse neuroblastoma clone NlE-115 and the

glioma neuroblastoma hybrid NG-108-15 were originally ob-
tained from M. Nirenberg. The cells were grown as described
(21, 22). Dishes were used 6-35 days after reseeding.

Apparatus. Transmission and fluorescence experiments were
done with an apparatus built around a Zeiss Universal micro-
scope rigidly mounted on a vibration isolation table. (For details
see Fig. 1 and ref. 19.)

Electrophysiology. For physiological experiments, the cul-
ture media were changed just before use to a solution of Dul-
becco's modified Eagle's medium (GIBCO H-21) modified to
contain5.4mMK+, 120mMNa',4.1mMCa2+,0.8mMMg2e,
10 mM glucose, 20 mM sucrose, and 10 mM Hepes buffer (pH
7.4). Total osmolarity was 340 milliosmol/liter.

Cells were impaled with 50- to 90-Mfl microelectrodes filled
with 3 M KC1. A WPI electrometer was used. The electrodes
were controlled by a M-103 Narishige hydraulic micromanipu-
lator mounted on a moveable stage. With this arrangement, the
cell could be moved relative to the.fixed microbeam while main-
taining a stable electrode penetration. The criteria for mature,

Abbreviation: S/N, signal-to-noise ratio.
* Present address: Department of Physiology, New York Medical Col-
lege, Valhalla, NY 10595.
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FIG. 1. Schematic diagram ofthe apparatus used for transmission
and fluorescence experiments. A Zeiss Universal microscope was rig-
idly mounted on a vibration isolation table (Newport Research, Foun-
tain Valley, CA). In transmission experiments a 12V/100W tungsten/
halogen lamp was used. Cells were viewed through a long-working-
distance, x40, water-immersion objective (Zeiss, 46-07-15). Transmit-
ted light was detected by a 10 x 10 square array of photodiodes, each
1.4 x 1.4 mm (Centronix, Croyolon, England). Each photodiode re-
ceived light from a 45 x 45 /Am area ofthe microscope object field. Each
photodiode was coupled to a current-to-voltage converter and amplifier
operated either ac or dc. In transmission experiments a coupling ca-
pacitor with a time constant of 100 msec was used before the second
amplifier (x4000). The output of each amplifier was multiplexed
through two 8-bit analog-to-digital converter cards (Adac, Woburn,
MA) and deposited in the PDP-11/34 computer memory. The time res-
olution obtained was about 0.8 msec in each of the 100 channels. The
recordings from each channel were then displayed on the screen of a
Tektronix 4010 display terminal. In the fluorescence experiments, a
50-mW He/Ne laser (Spectra Physics, Mountain View, CA) tuned to
632.8 nm was used. Laser light fluctuations were reduced by utilizing
a 3033 electro-optical modulator (Lasermetrics, Teaneck, NJ) in a neg-
ative feedback system with a portion of the beam as a reference (23).
The beam was focused onto the target by adding a x 10 objective and
a 5-cm-focal-length lens in front of the standard epi-illumination sys-
tem of the microscope (24). By adjusting the lens, the diameter of the
microbeam could be varied from 1.5 Itm to 120 gm. Fluorescence was
detected by an EMI 9658R phototube. To record the absolute level of
fluorescence, 12-bit conversion was used. NFA, negative feedback am-
plifier (Tektronix 5031 oscilloscope); PD, PV444 photodiode; R, reflec-
tor made from a coverslip; m, mirror; L, 5-cm-focal-length lens; DM,
dichroic mirror or half-silvered mirror; BM, Zeiss three-way beam
splitter.

healthy cells were a resting potential lower than 50 mV and an
action potential larger than 40 mV. Optical and electrophysio-
logical experiments were done at 37TC.

Staining with Voltage-Sensitive Probes. Staining solutions
were freshly prepared before each experiment. For absorption
experiments, cells were stained for 5 min with 0.04-4 mM dye
and then washed twice in, physiological medium. When low
concentrations ofdye were used, the dye was left in the bathing
solution during the experiment. For fluorescence experiments,
concentrations of 5-30 A.M dye were typical. The dye in so-
lution was much less fluorescent than membrane-bound dye

and, therefore, it was possible to leave it in the bath during the
measurements without increasing background fluorescence
intensity.

Dyes are available from A. S. Waggoner (Dept. ofChemistry,
Amherst College, Amherst, MA), from sources cited in ref. 12
and from us.

Pharmacological Effects, Photodynamic Damage, and
Bleaching. Because binding of large amounts of probe mole-
cules to the cell membrane might modify its properties (12, 19),
cells were first impaled with microelectrodes and then stained.
Thus, the effects of a given dye could be observed with intra-
cellular recordings. The present experiments were carried out
with low dye concentrations that led to negligible effects on the
resting potential and the shape of the action potential. Phar-
macological effects were observed at relatively high dye con-
centrations (unpublished data).

Bleaching of the dye is not a serious problem in transmission
measurements. During a typical experiment, which lasted 2
min, the illumination bleached half of the bound dye, reducing
the optical signal by 50%. However, the preparation could be
restained to regain the original signal size. In fluorescence ex-
periments, where a higher intensity of illumination was used,
bleaching distorted the time course of the optical records. This
distortion was variable. Therefore, each optical recording of a
stimulated action potential was immediately followed by a mea-
surement without stimulation, which was then used for the cor-
rection. Control experiments showed that the time course of
these corrected fluorescence records was identical with the
electrical recordings.

Photodynamic damage (12, 25) was the factor limiting the
duration offluorescence experiments. Therefore, no more than
four trials were averaged in these experiments. Frequently we
verified that the result obtained in the first trial was identical
with the one obtained in the last trial.t

RESULTS AND DISCUSSION
Search for Sensitive Optical Probes. We have tested most

of the sensitive optical probes which have been developed and
tested on squid axons (11, 12). For transmission experiments
we have discovered that a merocyanine-rhodanine dye, 5-{[1-
y-sodium sulfopropyl-4(1H)-quinolylidene]-2-butenylidene}-3-
propylrhodanine, designated WW 401, is 2-3 times more sen-
sitive on cultured neuroblastoma cells than any other dye we
have tested. It is 5 times more sensitive than the dye 5-{[1-
y-sodium sulfopropyl4(1H)-quinolylidene]-2-butenylidene}-3-
ethyrhodanine, designatedWW 375 (12, 20). The action spectra
of the transmission signals have the same wavelength depen-
dence for both dyes. These triphasic spectra were similar to
those observed with dissociated neurons from the rat and
chicken, but very different from the spectra obtained with in-
vertebrate neurons (20). This finding suggests that neuroblas-
toma cells may be a good model system for evaluating the sen-
sitivity of voltage-sensitive dyes for vertebrate neurons.

In fluorescence experiments the best results were obtained
with the barbituric acid pyrazolone oxonols, a recently designed
family of fluorescent dyes (23).

Typical optical recordings obtained from transmission and
fluorescence experiments with the two different dyes are illus-
trated in Fig. 2. A comparison of the optical and electrical mea-
surements indicates that the optical recordings closely resemble

t When better resolution is required, higher illumination intensities can
be used and photodynamic damage can be reduced by at least a factor
of 100 by removing oxygen from the saline (12). Oxygen-free and oxy-
gen-enriched solutions can be alternately superfused to prevent
anoxia.
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FIG. 2. Transmission and fluorescence signals detected without
signal-averaging from stained NlE-115 neuroblastoma cells. (A)
Change in transmission recorded by a square photodiode positioned
over the image of a 45 x 45 Am2 area in the center of a 120-,um-di-
ameter cell stained with 0.4mMWW 401. The simultaneous electrical
measurement is shown below. The shape of the undershoot following
the optical action potential is distorted by the coupling capacitor (100-
msec time constant). When the electrical recording was ac-coupled
with the same time constant as the optical recording, both records had
identical time courses. Illumination wavelength was 690 ± 15 nm. The
arrow shows an increase in absorption (decrease in transmission). The
structure ofWW 401 is shown at the top. (B) Change in fluorescence
detected from a 90-Mm-diameter cell stained with 30 vM [1,3-
dipentylbarbituric acid-(5)]-[1-p-sulfophenyl-3-methyl-5-pyrazolene-
(4)1-pentamethinoxonol, designated WW 802 (top). The fluorescence
was excited by a 120-Mm-diameter laser microbeam. Excitation light
was blocked with a Schott RG665 post-filter. The fluorescence record
was corrected for bleaching. The arrow shows an increase in fluores-
cence. Note that the fractional change in transmission is only 5 x 10-4/
100 mV, whereas in fluorescence it is two orders ofmagnitude larger.

intracellular electrical recordings, although the absolute value
of the membrane potential is not readily obtained in optical
measurements. No averaging was necessary for these records.

Regional Variation in the Form of Optical Responses from
Different Segments of a Single Cell. The large absorption sig-
nals obtained from the soma with WW 401 suggested that this
dye could be used to record from small processes. A large N1E-
115 cell with five major processes was positioned in the center
of the field, stained with WW 401, and stimulated at a rate of
1 Hz with a microelectrode in the soma. Fig. 3 shows that the
transmission changes were detected simultaneously by all ofthe
photodiodes on which an image of any part of the cell fell. The
signals from the processes were noisier than those from the soma
because there was less membrane area. However, it is clear that
the action potential can be detected along all of the processes.
Furthermore, the signals from several photodiodes over a par-

ticular process could be combined by the computer to give sig-
nals with an improved signal-to-noise ratio (S/N). From such
records, regional variations in the response could be deter-
mined. For example, using the experiment shown in Fig. 3, we
calculated the ratio of the fast action potential and the slower
depolarization that follows it. A value of 2.4 was obtained for
the cell body and the lower process, and values of 2.2, 2.3, and
1.8 were obtained for the upper left, middle, and right pro-

cesses, respectively. Larger differences were observed when
the recordings from the distal segments ofthe various processes

rather than the average values for the whole processes were

FIG. 3. Simultaneous transmission changes recorded by a 10 x 10
photodetector array positioned over the real magnified image of a

stained N1E-115 neuroblastoma cell. The image of the cell has been
superimposed over the array outline (positioned to an accuracy ofabout
10 Mm). The soma was stimulated with a microelectrode and 50 sweeps
were averaged. Traces in the individual boxes show the optically de-
tected electrical activity. Some records that are not from the cell or its
processes are shown as a control at high gain to show the noise level.
Occasionally, as in C, there is a large signal over another small cell
in the field. This may have resulted from electrical coupling between
cell C and the large cell or from a nonvisible growth cone extending
under this cell. [Whereas Moolenar and Spector did not find electrically
coupled cells in NiE-115 cultures (26), such coupling was found by
Harris and Dennis in another line of neuroblastoma cells (27)]. The
gain of the optical recordings was usually 5 x 10-' as shown on the
scale, but different records may have different gain. The lower case

letter indicates the corresponding calibration on the scale. Activity was
detected only on the 9 x 9 elements shown (other elements received
low-light levels and were not useful).

compared with those from the soma. For the thin processes, the
ratios were clearly larger-in the range of 4-6 (compare trace
81 with trace 88 in Fig. 4A).

In the case ofpassive attenuation, fast responses should decay
more rapidly than slow responses. In this experiment the op-

posite result was obtained. One explanation for this regional
difference in the shape of the electrical responses is that the
action potential propagated without attenuation along the pro-

cess, whereas the slow response was subthreshold and decre-
mented passively. Another explanation is that the slow depo-
larization was due to voltage-dependent Ca2" channels (26) and
that these were less active in some of the processes as has been
reported for other neuronal types (9, 10). In both cases the ob-
served differences are smaller than those which would have
been detected had the process been electrically more isolated
from the soma. In this experiment the large 400- to 950-gm
space constants for such processes (see below) make the cell
appear relatively uniform.

In other experiments the undershoot of the action potential
recorded in 5-,tm processes were much larger than those re-

corded in the cell bodies (Fig. 4B). Experiments to examine
regional membrane specializations and mechanisms which
might be responsible for these variations will be reported else-
where (28).
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FIG. 4. Optical recordings from processes of neuroblastoma cells.
(A) Records taken from the transmission experiment described in Fig.
3. The diagram indicates the parts ofthe neuron from which the record-
ings were taken. Trace 2 is the optical recordingfrom the cell body. The
excellent S/N shows the improved sensitivity due to averaging. Traces
88 and 35 are recordings from the large processes which are similar
to those in the cell body. A different time course for the response is
observed for the thin processes in records 81, 29, and 94. (B) The top
trace is the recording from the soma; the bottom trace is the recording
from a 4-,um process, 150 pm away. Note the larger hyperpolarization
in the process; 50 trials were averaged.

Fluorescence Recording of Electrical Activity from Pro-
cesses. Large fluorescence signals were obtained from the pro-
cesses of these cultured cells (Fig. 5A). These signals could be
observed in a single trial, unlike the absorption signals from the
processes that required extensive signal averaging. The laser
microbeam was reduced to a diameter of30-50 ,um, increasing
the excitation intensity by a factor of about 10 relative to cell
body measurements. This increased intensity improved the
S/N. However, significant bleaching and photodynamic damage
occurred with the present fluorescent probe under these con-
ditions. Therefore, in the rest of the experiments presented in
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FIG. 5. (A) Fluorescence changes measured during stimulation of
a stained NlE-115 cell at several points on the growth cone, processes,
and cell body. For each record the stage was adjusted to position the
appropriate point under the laser microbeam, which had a diameter
ofabout 30 ,um. Recordings were taken in the order 1, 2, 3. The vertical
arrows on each record indicate the time of the peak of the action po-
tential as recorded with an electrode in the cell body. There is a greater
delay at points further away from the cell body. Dye concentration, 20
AM. Four sweeps were averaged for each record. (B) Measurement of
conduction delay. Traces: a, electrical and corrected fluorescence re-
cordings from the cell body (they appear to be identical, establishing
the linearity ofthe dye response and the validity of the bleaching cor-
rection); b, fluorescence recording from the growth cone; c, trace a
shown at an expanded time scale; d, comparison ofelectrical recording
from the soma with the fluorescence recording from the growth cone
b 300 Am away from the cell body. The delay is 0.8 msec. (C) Traces:
e, sanie as d for another cell (the delay was 5.6 msec, and two separate
trials were averaged); f, comparison ofthe electrical recordingfrom the
soma with the fluorescence record from the process leading to the
growth cone. (D) Measurement of a space constant. The medium con-
tained 1 pM tetrodotoxin and 15 mM tetraethylammonium. Traces:
g, injected current pulses into the soma; h, fluorescence response from
the cell body and the fluorescence response from the growth cone. The
separation was 510 ,4m; the neurite diameter was 7 A&m. The hyper-
polarization signal is attenuated by a factor of about 1.7 in the growth
cone. For experiments B-D, laser illumination was reduced to prevent
possible photodynamic damage.

Fig. 5, the light level was reduced by a factor of10 with a neutral
density filter.

Measurement of Conduction Velocity in a Process. By
changing the position of a cell relative to the laser, spot record-
ings could be made from several positions along a process. The
experiment shown in Fig. 5A, for example, allows us to estimate
the mean conduction velocity of the action potential in the pro-
cess. There was a delay of 1.6 msec between the fluorescence
record ofthe peak ofthe action potential in the growth cone and
the peak recorded electrically from the cell body, from which
a mean conduction velocity of0.2 m/sec is calculated. Another
conduction velocity experiment is shown in more detail in Fig.
5B. A delay ofabout 0.8 msec was found when the simultaneous
electrical measurement from the cell body was compared with

* Part of the observed delay is due to the charging time of the growth
cone and the large difference in geometry between the process and
the growth cone (2, 3, 29). The velocity of propagation of an action
potential in an "infinite" process would be faster than the mean con-
duction velocity.
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the fluorescence record from the growth cone, situated 300 A.m
away. Thus, for this 6-nm process, the conduction velocity was
0.4 m/sec. These values fall in the range found for other ver-
tebrate neurons (5, 6).

In one experiment a delay of 5.6 msec was observed for the
action potential in the growth cone 520 ,m away from the cell
body. This long delay is probably not due to a slow conduction
velocity of 0.1Im/sec. One possible explanation is that the re-
sponse detected in the growth cone is due to passive spread from
the soma. In this case the rising phase ofthe growth cone action
potential should be slower than the somatic action potential. A
significantly slower rise time was not observed, however. An-
other possibility is that the process is inexcitable and conducts
only passively, yet the growth cone at the end of this process
is excitable. We recorded from the process midway between
the cell body and the growth cone. Record f in Fig. 5C shows
that the peak ofthe action potential in the process is lower, sug-
gesting that the depolarization in the cell body was indeed pas-
sively conducted. The noise in this experiment does not permit
us to decide which explanation is correct.

Measurements of Space Constants. We were able to make
an estimate of the amplitude ratio of the passive voltage re-
sponses in the cell body and growth cone by using the relative
magnitudes of the fluorescence changes, AF, at different parts
of the cell. § We found that the values of AF/F were approxi-
mately the same (±25%) for propagating action potentials in
different parts of the cell (in two examples, Fig. 5 A and B, the
differences are less than 10%). However, the magnitudes of
responses to subthreshold stimulation were different. In one
example a decrease in AF/F by a factor of 1.7 was found be-
tween the cell body and growth cone, which were 510 Am apart
(Fig. 5D). If the decrease in AF/F is truly proportional to the
voltage change, then a lower limit of900Wm is determined for
the space constant. In five other experiments the calculated
space constants were 400-950 ,.m for 4- to 7-,um processes.
These values are to be considered as lower limits because the
values of the space constants are very sensitive to negative er-
rors in the estimation of AF/F.

CONCLUSIONS
At present the main advantage of transmission measurements
is the capability of recording simultaneously with a large num-
ber of photodetectors. This is especially powerful for detection
of regional variations in electrical properties and for the local-
ization of postsynaptic neurons. The resolution limit with this
method can be calculated from the single trial experiment
shown in Fig. 2. Here the S/N is about 20 for a 70-mV potential
change. Signal averaging can improve the resolution. Thus, 0.7
mV should be detected with a S/N of 2 in an experiment of 100
trials. Therefore, the sensitivity of the transmission measure-
ments is sufficient to detect 1- to 2-mV synaptic potentials in
cell bodies of postsynaptic cells (19).
The main advantage of fluorescence is its greater sensitivity,

especially when recording from small areas. The change in in-
tensity is typically 3-7% per 100-mV potential change, com-
pared with 0.04% per 100 mV in transmission measurements.
The S/N is also better when small areas with no background

§ Values of AF/F, measured from different sites, are expected to be
proportional to the absolute membrane potential only if the nature
of dye binding is identical and there is no fluorescence background
from nonrelevant membranes. Space constants can also be deter-
mined by an analysis of the time course of voltage responses at dif-
ferent sites with cable theory (29). This method, when applicable, is
preferred because it does not require knowledge ofthe corresponding
amplitudes.

are examined. Fluorescence recordings with multiple detectors
using light guides to individual photomultipliers or an image
intensifier in front of the photodiode array should also be
feasible.

Although improvements can be expected (28), currently
available dyes and technology are adequate to investigate sev-
eral problems in neurobiology that are difficult to approach by
conventional electrophysiological techniques. Examples in-
clude the regional specialization ofionic channels and receptors
and the study of the patterns of synapse formation in a large
population of neurons. Of special interest for studying neural
development is the capability of recording electrical events in
the growth cone (28).

We would like to thank L. B. Cohen for the generous loan of equip-
ment, L. B. Cohen and S. Lesher for computer programs, A. Zutra,
D. Saya, and Y. Kimhi for supplying the cells, and A. Waggoner for
dyes. This work was supported in part by Grant NS 147-16 from the U. S.
Public Health Service, a grant from the Muscular Dystrophy Associa-
tion, and a grant from the U. S.-Israel Binational Science Foundation.

1. Bullock, J. H. (1976) in Simple Networks and Behavior, ed. Fen-
tress, J. C. (Sinauer, Sunderland, MA), pp. 52-60.

2. Rall, W. (1962) Biophys. J. 2, 145-167.
3. Graubard, K. & Calvin, W. H. (1979) in The Neuroscience

Fourth Study Program, eds. Schmitt, F. 0. & Worden F. G.
(MIT Press, Cambridge, MA), pp. 317-332.

4. Llinas, R. R. (1979) in The Neurosciences Fourth Study Program,
eds. Schmitt, F. 0. & Worden, F. G. (MIT Press, Cambridge,
MA), pp. 555-572.

5. Spitzer, N. C. (1979) Annu. Rev. Neurosci. 2, 263-397.
6. Okun, L. M. (1972) J. Neurobiol. 3, 111-151.
7. Scott, B. S., Engelbert, V. E. & Fisher, K. G. (1969) Exp. Neu-

rol. 23, 230-248.
8. Varon, S. & Raiborn, C. (1971) Brain Res. 30, 83-98.
9. Dichter, M. A. & Fischbach, G. D. (1977) J. Physiol. 267,

281-298.
10. Willard, A. L. (1980)J. Physiol. 301, 115-128.
11. Cohen, L. B., Salzberg, B. M., Davila, H. V., Ross, W. N., Lan-

downe, D., Waggoner, A. S. & Wang, C. H. (1974)J. Membr.
Biol. 19, 1-36.

12. Ross, W. N., Salzberg, B. M., Cohen, L. B., Grinvald, A., Dav-
ila, H. V., Waggoner, A. S. & Wang, C. H. (1977) J. Membr.
Biol. 33, 41-183.

13. Grinvald, A., Salzberg, B. M. & Cohen, L. B. (1977) Nature
(London) 268, 140-142.

14. Salzberg, B. M., Grinvald, A., Cohen, L. B., Davila, H. V. &
Ross, W. N. (1978)J. Neurophysiol. 40, 1281-1291.

15. Waggoner, A. S. (1979) Annu. Rev. Biophys. Bioeng. 8, 47-68.
16. Cohen, L. B., Salzberg, B. M. & Grinvald, A. (1978) Annu. Rev.

Neurosci. 1, 171-182.
17. Cohen, L. B. & Salzberg, B. M. (1978) Rev. Physiol. Biochem.

Pharmacol. 83, 35-88.
18. Waggoner, A. S. & Grinvald, A. (1977) Ann. N.Y. Acad. Sci. 303,

217-241.
19. Grinvald, A., Cohen, L. B., Lesher, S. & Boyle, M. (1981) J.

Neurophysiol. 45, 829-840.
20. Ross, W. N. & Reichardt, L. B. (1979) J. Membr. Biol. 48,

343-356.
21. Kimhi, Y., Palfrey, C., Spector, I., Barak, Y. & Littauer, U. Z.

Proc. Nati. Acad. Sci. USA 73, 462-466.
22. Yavin, E. & Zutra, A. (1979) Biochim. Biophys. Acta 553,

424-437.
23. Grinvald, A., Kamino, K., Lesher, S., Cohen, L. B., Wang, C.

H. & Waggoner, A. S. (1978) Biophys. J. 21, 82a.
24. Koppel, D. E., Axelrod, D., Schlessinger, J., Elson, E. L. &

Webb, W. W. (1976) Biophys. J. 16, 1315-1329.
25. Pooler, J. (1972) J. Gen. Physiol. 60, 367-387.
26. Moolenaar, W. H. & Spector, I. (1978)J. Physiol. 278, 265-286.
27. Harris, A. J. & Dennis, M. J. (1970) Science 167, 1253-1255.
28. Grinvald, A. & Farber, I. (1981) Science, in press.
29. Hodgkin, A. L. & Rushton, W. A. H. (1946) Proc. R. Soc. Lon-

don Ser. B. 133, 444-479.

Neurobiology: Grinvald et al.


