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Using amino-styryl-pyridinium dyes as fluorescent probes we have studied the membrane 
potential in spheroidal neurons isolated from the circumaesophageal ganglia of the snail Helix 
pomatia. A spatial resolution of 10 îm is attained at a time resolution of 2.5 ms with a typical 
signal-to-noise ratio of 10/100 mV as referred to an average sensitivity of the probes of 3%/ 
100 mV and to a quantum yield of the detector of 0.13. The linear response of fluorescence, the 
effect of staining, the variation of sampled area and of illumination are characterized.

Introduction

Little experim ental data are available on the 
spatio tem poral behavior of voltage transients within 
highly arborized neurons. The situation is unsatisfac­
tory in the light of advanced theoretical considera­
tions on signal processing in dendrites [1—3].

In principle a potential map of a neuron may be 
obtained from  an optical indicator in the cell m em ­
brane [4], A  successful application of this m ethod 
requires a suitable probe with negligible perturbation  
of the cell, a high signal-to-noise ratio of the opto- 
electronical set-up and a fast image processing sys­
tem . Scores of dyes have been screened as fluores­
cent probes by Cohen et al. [5, 6 ], A m phiphilic 
am ino-styryl-pyridinium  dyes have been described as 
m ost sensitive probes of fast potential changes with 
low pharm acological and photodynam ical effect 
[7—9]. These dyes have been applied to sample time 
dependent potential distributions in isolated neurons 
using a coarse photodiode array [1 0 ], considering in 
particular the optim ization of the signal-to-noise 
ratio [8 , 1 1 ].

As a first step tow ards a spatio-tem poral m apping 
of the m em brane potential in a single neuron at high 
resolution we characterize in the present paper the 
features of am ino-styryl-pyridinium  dyes using 
spheroidal neurons. W e consider the optim ization of 
the fluorescence signal with respect to a spatial reso­
lution of 1 0  |xm at a tim e resolution of 1 ms.
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M ethods

Signal-to-N oise

The resolution  of a po tential map as probed by a 
fluorescent dye is lim ited by the shot noise caused by 
photons [8 , 12] according to E qn . (1) where ST is the 
to tal photoelectric signal at a pow er bandw idth of 
(4 t o ) “ 1 (tim e constant xD).

N j  = VSx/2 xD (1)

The signal ST depends on the intensity of illum ina­
tion / 0 , on the absorbance of the probe per unit area 
a P and its quantum  yield q P, on any background b of 
stray light and inactive fluorescing dye, on the m em ­
brane area A s sam pled, on the fraction of light f c 
collected and on the quantum  yield q D of the detector 
according to  E qn. (2). The response of a dye to a 
change of m em brane po tential AV"M is attribu ted  to  a 
relative change of its optical properties and is ex­
pressed by a sensitivity SP according to  E qn. (3) [12].

■St =  ^ o ' ^ s‘(aP'<?p +  ̂ )'/c'<?D (2)

S PA V M = A (a P-qP)/aP-q P (3)

A 5t/5t =  AKm • 5P • (1 - / B) =  A • SP* (4)

From  E qn. (2) and (3) a relation  of the m em brane 
poten tia l AKM and the change of the average total 
signal is ob ta ined  according to  Eqn. (4), w h e re /B =  b/ 
(aP- q P + b) is the fraction of background. We define 
Sp* as an effective sensitivity. Com bining Eqn. (1) to 
(4) we obtain  the signal-to-noise ratio according to 
E qn. (5).

A S j /N j =  A K m V/1s 2 td • Sp- V(1 —/b) ' aP- q P 

VV0/c qv (5)
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It depends on the microscopical technique ( /0 , fc ,  
qd), on the nature of the sam ple (SP, a?, q P, / B) and 
on the conditions of the actual experim ent (prim ary 
signal AVm and spatio-tem poral resolution A s t d ) .

During an action potential we cannot evaluate d i­
rectly the signal Sx at constant V M with respect to its 
signal-to-noise ratio. Instead we fit Eqn. (4) to the 
actual voltage-dependent signal by a least-square- 
procedure. The RM S-noise 7VX =  V SX: — 5 X2 is 
evaluated then from  the difference of the average 
linear response and the actual signal. The signal-to- 
noise ratio per unit voltage is defined as S /N  = —Sp/ 
N T.

Cells

To attain a well defined variable sam ple area A s 
and a low background / B we use freshly p repared  
neurons from the circum aesophageal ganglia of Helix 
pom atia  [13]. They are dissociated and stripped from  
connecting tissue by repeated  pipetting in saline and 
by trypsin trea tm ent. Using polylysin they are fixed 
on a cover slide form ing the bottom  of a dish. In tact 
cells exhibit in phase contrast a fine granular cyto­
plasm surrounded by a sm ooth circular m em brane of 
a diam eter of 30—40 |im. E lectrical contact is m ade 
by impaling the cells by m icropipettes (40—60 M Q , 
3 m  KC1, Ag/AgCl) attached to  a m icrom anipulator 
(Leitz). The resting potential is around —50 mV. A 
bridge circuit is used to pass curren t through the elec­
trode. A ction potentials are induced by injecting 
current pulses up to  .5 nA.

Probes

High sensitivity Sp with high photostability  is a t­
tained with the am ino-styryl-pyridinium  dyes RH - 
160 and RH-237 (see Fig. 1) (gift of D r. A . Grin- 
vald). Sensitivities of Sp =  —3%  to —12%/100 mV 
have been reported  [8 ]. The cells are stained by bath 
application of the dyes dissolved in ethanol/saline 
(bath  concentration of probe cP =  .2 — 5 îm, ethanol 
<  0.1% ). The bath is not exchanged during the ex­
perim ents. Values of a? and qP are not available. We 
have checked the pattern  of fluorescence by densito­
m etry of m icrophotographs. It corresponds to  the 
projection of a hom ogeneously stained spheroid 
m em brane indicating a low background / B due to 
staining of plasm a and connecting tissue.

Optics

A high stable intensity / 0  is a ttained by imaging 
the central part of the arc of a Hg-lam p (O sram  H B O

200) onto the cell, through an shu tter (C om pur), a 
heat filter ( 1 0  cm w ater), an interference filter 
(Schott-A L  541 nm, width 20 nm) and an oil im m er­
sion objective (Zeiss planapo 100 x , N. A . 1.3 Pol) in 
a Zeiss-A xiom at. The total cell is illum inated. E ffi­
cient light collection f c with low stray light is p ro ­
vided by the high aperture of the objective, a dichroi- 
tic beam  splitter (Zeiss FT-570) and a cut-off filter 
(Schott R G  610). The background is typically f B < 
.02. / 0  a n d /c are not calibrated. The sam ple area A s 
is defined by circular diaphragm s of diam eter d$ in 
the first image plane. The photocathode of a m ulti­
p lier (R C A  C 31034) with a quantum  yield of q D = 
.13 at 700 nm is adjusted closely behind.

Electronics

The outpu t of the photom ultiplier Sx is am plified 
with negligible electronic noise, bandpass filtered, 
digitized and sam pled by a m icrocom puter (A pple
II). Sufficient resolution of the small signal ASX is 
ob ta ined  by digitizing directly the difference of Sx 
and a reference Sto taken just before each m easure­
m ent. In a standard  cycle the com puter controls the 
illum ination tim e (100—250 ms), the stim ulation (de­
polarization for about 2 0  ms) and the sampling of 
fluorescence A5X and of potential ( 8  bit at 
1 — 10 kH z). The bandw idth of the filter corresponds 
to  t d  = 2.5 ms. Dye bleaching is com pensated by 
subtracting a fluorescence signal as obtained w ithout 
stim ulation. VM is folded with the filter function of 
the fluorescence detection system.

Results

W e have studied the change of fluorescence ASX/SX 
as a function of the m em brane potential Vm. Fig. 1 
shows the result as obtained during an action po ten ­
tial. W e have applied RH-160 and RH-237 at con­
cen trations of 2 (x m . The total cell m em brane (50 jj,m 
diaphragm ) was sam pled at a relatively low illum ina­
tion with repetitive detection. The linear dependence 
o f ASX/SX and Vm is apparent. The slight hysteresis 
referring to up- and dow nstroke of a spike is not 
significant. The effective sensitivity in these two ex­
perim ents is Sp =  -2 .8 % /1 0 0  mV for RH-160 and 

=  —3.2% /100 mV for RH-237. The signal-to- 
noise ratio for a single m easurem ent is S /N  = 1 2 / 
100 mV for RH-160 and S /N =  7.5/100 mV for RH - 
237.
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Fig. 1. Relative change of the 
fluorescence — A5T/5T of the 
aminostyryl-pyridinium dyes 
RH -160 and RH-237 as a func­
tion of the membrane potential 
during an action potential in a 
ganglial cell of Helix pomatia. 
The number of repetitions is 
N = 56 for RH-160 and N =  18 
for RH-237.

We have not observed a unique sensitivity in our 
experim ents as shown in Fig. 2. The sensitivity of 
both probes scatters around Sp =  — 3%/100 mV. A 
correlation  to  concentration is not found. The insert 
in Fig. 2 shows a histogram  of the signal-to-noise 
ratio  for the same data. A pparently  we have ob­
ta ined  quite frequently  S /N >  10/100 mV (best value 
S/N  =  18/100 m V). A  correlation of S /N  to Sp is 
found for sets of data obtained at identical illum ina­
tion.

W e have studied the response of the dyes for 
decreasing area of the sam pled m em brane. Fig. 3 
shows the fluorescence change of RH-237 (1.2 (im) at 
a relatively low intensity / 0  observed through dia­
phragm s of decreasing diam eter d$ = 50 [im, 20 jj,m 
and 1 0  nm with an adequately enhanced num ber of 
signal repetitions. The total signal intensity ST drops 
as 2 1 :5 .7 :1 . M odelling the cell as a sphere of d iam e­
te r 35 [xm with central location of the diaphragm s, we 
estim ate a reduction of the area A s sam pled by the 
diaphragm s as 2 4 :4 :1 , correlating to the intensity. 
The signal-to-noise ratio  per 100 mV for a single 
m easurem ent is found to be 7.5, 5 and 2.5 respective­
ly. The drop at a ratio  3 :2 :1  correlates with the 
square-roo t of the area sampled.

W e have im proved the signal-to-noise ratio for the 
highest spatial resolution by application of a higher

concentration /  jjlM

Fig. 2. Effective sensitivity — Sp of the probes RH-160 and 
RH-237 in a ganglial cell for various concentrations cP of 
the dyes in the bath medium (diameter of diaphragm 
50 nm). Each point refers to different cell. The insert 
characterizes the distribution of the signal-to-noise ratio.

light intensity / 0 . Fig. 4 shows the fluorescence 
change of RH-160 at 4 |am with a diaphragm  of 10 [xm 
at an arbitrarily  enhanced / 0  w ithout repetition . The 
signal-to-noise ratio  is S /N  =  9/100 mV. H ow ever, in
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Fig. 3. Fluorescence change — A5T/5T of RH-237 in a 
ganglial cell as a function of time during stimulation 
at a relatively low intensity / 0 of illumination 
at a concentration c p = 1 . 2 | x m  (time constant 
t d  = 2.5 ms). The diameter of the sampling dia­
phragm is varied as indicated. The number of super­
positions N is enhanced to balance the decreasing 
signal-to-noise ratio of a single measurement.

Fig. 4. Fluorescence change -  A5T/5T of RH-160 
in a ganglial cell as a function of time during a 
single action potential at a resolution of 10 |xm at 
a high intensity I0 of illumination at a concentra­
tion C p — 4 (j,m  and at a time constant t d  = 2.5 ms. 
The time course of the membrane potential VM is 
indicated.
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this case the num ber of repetitions of an experim ent 
is lim ited to  N < 5  due to  photodynam ical destruction 
of the action potential.

Discussion

We have observed a perfect linearity of the 
fluorescence signal of the am ino-styryl-pyridinium  
probes RH-160 and RH-237 as a function of the 
m em brane potential. W e have found a sensitivity in 
the range of Sp =  — 3%/100 mV in the neurons of the 
circum aesophageal ganglia of Helix pom atia, scatter­
ing from  — 1% to —5% . The weak reproducibility 
may be assigned to the sensitivity SP as due to an 
inhom ogeneous cell population or to  the background 
/ B as due to  a variable staining of inactive cell m ate­
rial. A pparen tly  an absolute calibration of the probes 
is ra the r inaccurate even for neurons of the same 
species.

The average sensitivity of the probes is lower than 
in neuroblastom a cells of line NIE-115. There an op ­
timal sensitivity of Sp =  —12%/100 mV for RH-237 
has been reported  [8 ]. The difference may be due to 
species specific dye/m em brane interaction affecting 
SP or to  the background / B.

We have found good agreem ent of the experim en­
tal control of the signal-to-noise ratio with the theory  
with respect to spatial resolution, intensity of illumi­
nation and repetition. A t a resolution of 10 ^im (sam ­
ple area about ,4S= 150 !*rn2) and a tim e constant 
t d  =  2.5 ms we have attained typically a signal-to- 
noise ratio  of S/N  = 10/100 mV. A substitution of the 
photom ultiplier with =  0.13 by a photodiode with 
<?d =  0.7 would enhance the signal-to-noise ratio to 
S /N >  20/100 mV.

In neuroblastom a cells an optim al value of 
S /N  =  50/100 mV has been reported  with RH-237. 
This value refers to a m em brane area of about 
/ l s = 1000 |in r  as selected by a 150 |xm diaphragm  
from  a cylindrical process of a diam eter of 2  |o,m at a 
tim e constant t D= 1 .5 m s  [11]. Normalizing this 
result to  our sample with ,4s = 1 5 0 |in r  and 
t d =  2.5 ms, it corresponds to S /N  =  25/100 mV. N or­
malizing it with respect to our sensitivity Sp =  —3% 
it corresponds to SIN  =  6/100 mV.

W ith the presen t study we confirm , specify and 
extend the investigations of G rinvald et al. A lthough 
some of the param eters involved are not optim al we 
repo rt for the first tim e a resolution of 1 0  |im at a 
tim e constant around 1 ms with fluorescent dyes [14], 
For a sam ple with a sensitivity of —21%/100 mV (as 
neuroblasts stained by RH-421 [8 , 11]) we may attain 
with our set-up a signal-to-noise ratio distinctly 
above 100/100 mV at a spatial resolution of 10 ^im. 
For such a sam ple we may consider a drastic reduc­
tion of the light intensity such that series of m easure­
m ents may be perform ed with a single sample w ith­
out repetition . The result indicates the feasibility to 
obtain a fine-scaled m apping of the spatio-tem poral 
pattern  of the electrical potential in a dendritic tree 
of even m oderate size.
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