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Physicochemical propertbs of flttarescent membrane probes, 2-pCl-anitinon3phthaenedlsulfonate (p-Cl-ANS), 2-pBr- 
anilinonaphth3lenedsuIfonate &I-Br-ANS), merocyanine-S40. methyl. violet. etc., were examined because af the possibility 
of demanstrat~~ resonance energy-transfer between probes. The emission psectm of pCI-ANS nnd p-Br-ANS and the ab- 
sorption <or fiuorescence excitation) spectra of E=S~IWML Kod& merocyanine-540 (S540) and other probes were found to 
be very sensitive to changes in the solvent polarity. The spectra of these probes incorporated in the nerve membrane were 
determined and compared with the corresponding spectn. in vnrious orgmic solvrnts and macromolecules. This comparison 
susests that the poIatfiy of the binding sites for pCL-ANS (and p-Br-ANS) in the membrane is high and that of XI-SW is 
wry low. The spectrum of the portion of p-Cl-ANS fluorescence contributing to production of optical responses (i.e., trxt- 
sient changes during action potentials) was determined. Both absorption responses and fluorescence responses wvere detected 
from M-540 in the nerve membrane. It was possible to demonstr;rte resottance transfer af electronic energy from pCCANS 
to M-540 incorporated in lysoiecithin miceI!es and in cnb nerves. During action potenti&, the intensity of M-SO ftuoies- 
cence excited by energy transfer was found to undergo transient changes. Based on these and orher erperimentsl findings. 
properties of the binding sites for these probes in the nerve membranes are discussed. 

Recent studies ofextrinsic fluorescence of the nerve 
membrane during nerve excitation have yielded very 
interesting information as to the physicochemical pro- 
perties of the membrane macromolecules [I .2]. At 
present a large number of fluorescent probes are 
known to produce fluorescenti responses, i-e., tran- 
sient changes in fluorescence intensity associated with 
action potentials, when incorporated in the nerve 
membrane [3,4]. To analyze the properties of the 
uetve membrane by this method, a comprehensive 
knowledge of the physicochemical properties of the 
probe employed is required. only by comparing the 
optical properties of the probes in the nerve mem- 
brane with those in various organic solvents and ma- 
cromolecules, can the nature of the binding sites of 
the probe molecules in the membrane be inferred. 

Among a large number of membrane probes known 
at present, it is possible to select a pair of probes that 
can be used to examine the process of resonance trans- 

fer of elecrronic energy [S-7] within or across the 
nerve membrane. One of the conditions which have to 
be satisfied by such a pair is that the emission spec- 
trum of one probe significantly overlaps with the ab- 
sorption spectrum of the other. An example of such a 
pair is p-t%anilinonaphthalene-sulfonate and merocya- 
nine-540 (abbreviated as p-Cl-ANS and WS40). The 
phys~~ochern~ca~ properties of the former probe were 
examined recently by Kosower and Dodiuk {‘%I. The 
usefulness of the latter probe for membrane studies 
was demonstrated by Davila et al. [9]_ Examination 
of energy transfer between such a pair of probes is ex- 
pected to yieId significant information about the sepa- 
ration between the two kinds of probe molecuies in 
the nerve membrane. 

The present study was undertaken with 4 view to- 
ward elucidating physicochemical properties of the 
fluorescent membrane probes, p-Cl-ANS. p-Br-ANS, 
M-540, methyl violet, etc., in the membrane of crab 
nerves and squid giant axons. We first examined phys- 
icochemical properties of these dye molecules dissolved 
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in various organic solvents. Then we analyzed the be- 
havior of these dyes incorporated into the nerve mem- 
brane and examined the mechanism of production of 
fluorescence responses with these probes. Next, we 
examined the passibihty of energy transfer between 
these dye moIecules in the nerve membrane. Finally, 
we examined the process of production of fluores- 
cence responses mediated by energy transfer between 
these dyes. 

A portion of the experiment31 results described in 
this paper was presented at the Annual Meeting of the 
hiarine Biological Laboratory in Woods Hole, Mass. 
[IO] (see also ref._ [I I I). When the manuscript of the 
present paper was almost ready for pubIication, an ar- 
ticle by Ross et al. 1121 appeared, describing the pro- 
perties of M-540. The results obtained by these inves- 
tigators seem to be consistent with those described in 
section 3 under the results of the present paper. 

2. Methods 

Two of the fluorescent dyes used, p-Cl-ANS and 
p-Br-ANS were a gift of Cr. Edward bl. Kosower, Uni- 
versity of Tel Aviv. The other dyes (M-540, methyl 
violet, etc.), were purchased from Eastman Kodak Co. 
When examined by acrylamide gelelectrophoresis (gly- 
tine-tris buffer at pH 8), these dyes yielded a single, 
welldefined band. Most of the organic solvents used 
in the present study are those employed previously 
[I], and did not contain any light-absorbing or flue- 
rescent contaminants. Dehydrated ethanol (purchased 
from Ferry Point) was used after redistillation. ChIo- 
reform (Baker Chem. Co.) was used after passing 
through a coIumn of aluminum oxide (Woelm basic, 
h-i. Woelm) to remove the stabilizing additive, ethanol. 
Measurements of electric conductivity of aqueous so- 
lutions were carried out with a General Radio Impe- 
dance bridge (type 1650A). 

The extinction coefficients of dye solutions were 
measured in most case with a Beckman spectrometer 
(model DU); when a 10 cm long lightpath was requir- 
ed a Gary spectrophotometer (model 14) was employ 
ed. Measurements of light absorption by a stained crab 
nerve (see the broken line in fig. 3b) was carried out 
with a Beckman spectrometer by mounting the nerve 
on a speciaI nerve-holder made of black lucite (con- 
structed in this laboratory) which permitted only the 

portion of light passing through the nerve to reach a 
photomultiplier tube. A plate of frosted glass was 
placed near the nerve to produce scattering of light 
before reaching the photomuItiplier. The advantage of 
inserting a frosted (or opalescent) glass in the Iightpath 
was pointed out by Shibata [ 131. In this spectral meas- 
urement, the effect of light scattering by the nerve 
was taken care of by inserting an unstained nerve in 
the pathway of the reference light beam, Transient 
changes in light absorption by a stained nerve during 
excitation (i.e., absorption responses) were measured 
with a J_eitz microscope (Ortholux Pol) with an at- 
tachment for Kohler’s illumination. With the sharp 
image of the diaphragm focussed in the middle of the 
nerve, it was possible to completely block the light 
reaching the photomultiplier without passing through 
the nerve. This method is essentially the same as that 
used in a previous study {141, except that the poiarizer 
and analyzer were removed from the Lightpath. 

Fluorescence emission spectra of the dyes in vitro 
were determined with a Hitachi Perkin-Elmer spectro- 
fluorometer (MPF 2) in this laboratory or with an 
Aminco-Bowman spectrofhrorometer which belongs 
to Dts. Egyud and Szent-Gyorgyi in Woods Hole. Cor- 
rected excitation spectra were kindly recorded for us 
by Drs. Chen and Cathou at Tufts University in Boston 
and by Dr. R. Chen at NIH, Bethesda. The emission 
spectra of the fluorescent probes incorporated into 
the nerve membrane was determined both with these 
commercially available spectrofluorometers and by 
the use of a speciaI instrument constructed in this lab- 
oratory [ I] . The method of recoding fluorescence 
responses (i.e., transient changes in fluorescence inten- 
sity associated with action potentials) was described 
in detail in previous papers [ 151. A CAT computer 
(IMnematron Corp.) was used to improve the signrd-to- 
noise ratio. The spectrum of the portion of light con- 
tributing to production of fluorescence responses (see 
fig. Ib) were determined by introducing a series of in- 
terference filters between the nerve and the photomul- 
tiplier. The excitation spectrum of a fluorescence re- 
sponse (fig. 3a) was determined by introducing inter- 
ference filters between the light source and tie nerve. 
These spectra were corrected to account for the differ- 
ence in the transmission properties of the interference 
filters used and, in determination of emission spectra, 
for the spectral sensitivity of the photomuItiplier used 
(RCA 6643). In determining excitation spectra, correc- 
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tions were made to take care of the spectral disttibu- 
tion of the Light energy from the source (200 W xenon 
lamp, Hannovia). 

In the present studies, either squid; giant axons 
(taken from Loiigo peaiei) or crab ner [es (taken from 
Libinia e~nnrginura or Coliimcres sapidus) avaiiable in 
Woods Hole, Mass., were used. When external staining 
of the nerve membrane with M-540 was required, a 
cleaned giant axon or a de-sheathed crab nerve was im- 
mersed in sea water saturated with the dye for a period 
of about 1 hr. The method of application of amino- 
naphthalene derivatives to squid giant axons and crab 
nerves has been described previously 115). When repet- 
itive stimuIation of a stained nerve was required, sea 
water saturated with nitrogen gas was used externally. 

Most physicochemical studies of the dyes in vitro 
and in the nerve membrane were carried out at room 
temperature (20--23°C). Fiuorescent responses were 
usual!y recorded at about 4 C. 

3. Results 

3. i. &vsicocizemical properties of p-CLANS and 
p-bAiVS in vitro and in zzerve membrane 

When dissolved in water, both pCl-ANS and pBr- 
ANS fluoresce very weakly. They fluoresce intensely 
when they are dissolved in organic solvents or bound 
to various macromotecuies. Like other anilinonaph- 
thalene derivatives (see refs. 116,171, their emission 
spectra are affected by the polarity of the solvent used 
(see ref. 181). In solvents with high polarity, the wave- 
Iengths of maximum emission are red-shifted, the 
quantum yields are reduced and the bandwidths of 
the emission spectra are broadened. The absorption 
spectra are quite insensitive to changes in the solvent 
polarity. Qualitatively, the behavior of these probes 
in vitro is very similar to that of other 2,6-ANS deriva- 
tives studied extensively by McClure and Edelman 
118) and by Tasaki et al. [I]_ 

When applied extracellularly to crab nerves or to 
squid giant axons, pCl-ANS was found to produce a 
negativefluorescence response (i.e., a transient de- 
crease in intensity) during nerve excitation. The am- 
plitude of the observed response (Al) in crab nerve 
was(3-7) X IO-? _ trmes the intensity at rest (1). Polar- 
ization properties of the fluorescence responses were 

examined by inserting dichroic filters in the lightpath, 
a polarizer between the light source and the nerve and 
an analyzer between the nerve and the detecting pho- 
tomultiplier [2] - With the electric vector of the excit- 
ing light beam oriented perpendicularly to the long 
axis of a crab nerve, electric stimuiatian of the nerve 
produced a response representing a large transient re- 
duction in intensity of the fluorescent light polarized 
perpendicularly with respect to the nerve axis. On the 
basis of the experimental results obtained under four 
different combinations of the polarizing axes of the 
polarizer and analyzer (21, it was concluded that the 
major portion of the p-Cl-A% and p-Br-ANS molecules 
at the external surface of the crab nerve is aligned with 
their transition moments oriented perpendicularly to 
the membrane surface. 

Using squid giant axons, fluorescence responses pro- 
duced by intraceliuiariy applied p_Ci-ANS and p-Br- 
ANS were examined. These responses were found to 
be positive regardless of the directions of the polarizer 
and analyzer in the optical path. In other words, the 
sign of the response was found to be reversed when 
this dye was applied intracelhdarly instead of being 
applied extracellularly. This reversal of the sign of the 
responses indicates that the axonal membrane consti- 
tutes a major diffusion barrier for these negatively 
charged dye molecules and, consequently, that the in- 
ternally applied dye molecules do not occupy the same 
binding sites as those administered extracellularly. The 
ampiitude of the fiuorescence responses observed in 
axons with p-Cl-ANS internally (excited at 365 nm) 
was roughly 5 X l@ times the background intensity. 

Further information about the behavior of this dye 
in the nerve membrane was obtained by comparing 
the enzissiutr spectra of crab nerves stained externally 
with p-Cl-ANS with those of this probe in various or- 
ganic solvents (see fig. 1). Reflecting the insensitivity 
of the absorption spectrum of p-Cl-ANS to changes in 
solvent polarity, the excitation spectrum of this probe 
was found to be quite insensitive to changes of the sol- 

vent. In contrast, the wavelength of maximum fluores- 
couce emission was strongly influenced by the polarity 
of the solvent employed. The following list illustrated 
this solvent effect on the wavelength of maximum 
emission: 396 nm in octanol, 405 nm in butanol, 405 
nm in propanol, 407 nm in ethanol, 4 17 nm in metha- 
nol, 425 nm in glycerol, 430 nm in ethylene giycol, 
445 nm in formamide. Incorporated into Iysolecithin 
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Fig. 1. [a): fluoresccncc excitation and emission ;pecrra of 2.p_chIoroanilinon3phth;ltened-slllfontlte (2.8 p!iS) dissolved in ethanol 
(broken lne) add in ethylenc $ycol (continuous line). (b): err&ion spectrum of the sane dye in crab nerve at rest (broken tine) 
znurd spectrum of the Ught contributing to production of fluorescence response of the probe (continuous line). Note that the spec- 

titan in a cmb nerve at rest js very sim&r to that observed in ethylene giycol. 

fniceiles, the wavelength of maximum emission of this 
probe was 428 nm. In erythracyre ghost membranes, 
it was 414 nm. Under these experimental conditions, 
the bandwidth of the spectrum increased monotonical- 
ly with the wavelength of m~irnum emission. The 
spectrum of p-CLANS incorporated into a crab ne~e 
at rest (Z in fig. 1 b) was found to be very similar to 
that in ethylene glycol, the wavelength of maximum 
emission being about 430 nm and the half-bandwidth 
being about 77 nm. 

The spectrum of the portion of tke emitted fiuores- 
cent light involved in production of fluorescence re- 
sponses in shown by the solid line (AZ) jn the figure. 
This spectrum was canstrr.rcted from the data obtained 
from 20 different nerves and indicates essentially tie 
relative amplitudes of the fluorescence responses ob- 
served at various wavelengths. [Note that the response 
amplitude at 3 given wavelengrh is proportional to the 
light intensity.] It is seen in the figure that this spec- 
trum (AZ) is slightly red-shifted relative to the spec- 
trum at rest (Z). 

M-540 is poorly soluble in sea water. In distilled 

water at ZO”C, this dye may be dissolved at a level of 
about 1 ml&f (570 mg_N) or slightly more. Addition of 
inorganic salts profoundly reduces the solubility of 
M-S40 irr water. Organic sotvents, such as methand, 
ethanol, ethylene glycol, etc., are far better solvents. 
This dye is practically insohrble in apoiar solvents, 
such as beruene, xytene, octane, etc. It is sparingly 
soluble in chloroform and dioxane. 

In water, the absorbance af this dye was found not 
to obey Beer’s faw except at a particular wavelength, 
i.e., isosbestic point (~~rox~a~eIy St30 nm). With de- 
creasing concentration, the band intensity (i.e_, molar 
extinction} on rhe fonger-wave side of the isosbestic 
point gradually increased and the band on the other 
side decreased. At aLout 0.25 mM, the wavelength of 
maximum absorption was found to be approximately 
490 nm. When this aqueous sotut~on of M-540 was 
diluted by a factor of fUC10, a new absorption maxi- 
mum appeared at about 540 XXSXL Measurements of 
electric conductivity of this probe in distilled water 
showed that, in the range of concentration between 
1.2 and 0.3 n&k the equivalent conductivity of )w540 
anions was cancentratio~-i~d~~e~dent, being approxi- 
matety 22 obrrr-~ -cm2-eqtifvrTz at 20°C. This equiva- 
lent conductivity is c&e to that of tetrapfopyk~~~~~o- 
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Fig.. 2. Absorption, fluorescence excitation and emission spectra of Eastman Kodak mcrocyanine-540 dissoIvrd in chloroform. In 
A, the effect of varying the concentration of probe in chloroform (containing 0.5% ethanol) on the molar cstinction coefficient is 
shown. In 6. the effect of varying the ethanol content on the absorbance of M-540 (IO PM) is Nustratcd. In C, the extinction and 
emission spectm of the probe in chloroform are shown. Note that the “dimcr” band at about 90 nm is absent in the excitation 
spectrum. 

hum-ion. 
In ethanol, this dye was found to obey Beer’s law 

in a wide range of concentration. Dissolved in chloro- 
form, Beer’s law was not obeyed by M-540 (fig. 2a). 
With a decrease in the concentratiozr, the molar extinc- 
tion at the absorption band at about 570 nm was in- 
tensified at the expense of the harid at 5 10 nm. Since 
many meracyanines are known to <low a strong ten- 
dency to form dimers (see ref. [ 19]), the shorter wave- 
band of the spectrum shown in fig. 2a is considered 
to represent absorption by dimers. 

The solvent polarity was found to affect the wave- 
length of maximum absorption of M-590 to a consider- 
abIe degree, a rise in the polarity bringing about a blue- 
shift. The sohent polarity was varied systematically 
by using a homologous series of organic solvents_ The 
absorption maxima were found at 555 nm in metha- 
nol, 561 nm in ethanol. 562 nm in propanol and 566 
nm in octanol. This fact can readily be explained on 
the assumption that the dipolar form of the two teso- 
nance structures of the dye molecule dominates even 
in organic solvents. It is known that this is the case 
with many other merocyauine dyes (see Brooker et ai. 

PW. 
It is interesting to campare the wavelength of maxi- 

mum absorption of M-540 incorporated into a cc-b 

nerve with the maxima observed in various organic 
solvents and bio-mscromdecules. Tire absorpriorr spec- 
tronz of this probe in a crab nerve (at rest) is shown 
by the broken line in fig. 3b. Based on the similarity 
between this spectrum and that shown in fig_ Za, the 
band with a maximum at about 570 nm is regarded as 
deriving from the monomeric form of the probe mole- 
cules. In general. the wavelengths of maximum absorp- 
tion observed in organic solvents and bio-macromole- 
cules are shorter than 570 nm seen in crab nerves. 
[Note that they are 559 nm in glycerol. 559 run in 
ethylene glycol, 560 nm in bovine serum albumin, 
563 nm in lysolecithin micelles, 563 run in gelatin-gel 
(IO%)).] The binding sites for M-540 in crab nerves 
must then have properties of low dielectric media in 
which the probe is only sparingly soluble. [Note in 
fig. 2 that the monomer band of M-540 in chloroform 
has a maximum at about 570 mu.] 

The ffirorescence excitation spectra of M-340 in or- 
ganic solvents and in crab nerves were determined by 
reading the emission intensity in the range of wave- 
lengths between 600 and 640 nm. In ethanol, the spec- 
trum was found to be an almost exact replica of the 
absorption spectrum (when the vertical scale was pro- 
perly adjusted); this is expected since the absorbance 
measurement has indicated that only one (monomeric) 
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Fib_ 3. Left: The broken iine shows an example of ffuorescence excitation spectrum of XI-340 in a crab nerve& rest; the continuous 
lint sRows the excitation spectrum of XI-540 contributing to producrion of tluorcscence responses. Right: Absorption spectrum of 
XI-540 in a crab ne~e at rest (broken line) and spectrum of M-540 determined by taking absorption changes (or sign&) associated 
with action potentials a~ an index (continuous line). Different symbols were used to show the results obtained from different nerves. 

form of M-540 moiecules exists in ethanoI. In chloro- 
form, the excitation spectrum was far narrower than 
the absorption spectrum; this difference between ab- 
sorption and excitation spectra can reasonably be at- 
tributed to the existence of dimers (or of aggregates) 
in this medium_ By comparing fig. 2a with Zc, it is con- 
cluded that the fluorescence yield of dimers is far low- 
er than that of- _ . ..onomers. An example of the excita- 
tion spectrum of M-540 in crab nerve is shown in fig. 
3. This spectrum is very similar to that observed in 
c~orof~rm (fig_ 2c), the maximum being located at 
about 570 ntn_ 

The errzission spectra of M-540 in chloroform is 
shown in fig. 2c. The emission spectra were found to 
be slightly affected by changes in solvent polarity. 
The wavefength of maximum emission was approxi- 
mately 578 nm in ethanol and 584 nm in chloroform- 
These wavelengths are only slightly longer than the 
wavelength of maximum absorption, the Stoke2 shift 

being approximately 18 nm in ethanol and about 14 

nm in chloroform. The effect of addition of a small 
amount of ethanol to ~hlorofo~ solution of M-540 is 
also shown in fig. 2b. The large increase in the fhrores- 
cence intensity was brought about by ethanol, indicat- 

ing that a very small enhancement of the sofubility of 
M-540 is effective in converting a significant fraction 
of the dimeric form of M-540 into its monomeric form. 

Davifa et al. [9J found that M-540 is a very effec- 
tive probe for detecting rransienr$7~c?~esce~c@ ccUrnges 
associated with action potentials, Taking advantage of 
this property of M-540 in the nerve membrane, the ex- 
citation spectrum contributing to production of such 
fluorescence responses was determined_ The result of 

such measurements on crab nerves is shown by the 
sohd line in fig_ 33. The method of determination was 
essentially the same as that employed previously [ 1 ] - 
The excitation wavelength of 56f nm was selected as 
thi: reference point. The response amplitude (AI) de- 
termined at this wavelength (on 9 nerves) was (7.0 C 
1.8) X IOm4 times the background light intensity (I)_ 
It is seen that this excitation spectrum (Ai) is very 
similar to that taken in the resting state of the nerve 
(i’). Since this response represents an increase in the in- 
tensity of fluorescence, the result obtained has to be 
taken as representing a transient increase in emission 
by monomers of M-540 in the nerve. Such an increase 
in monomer emission can take place if there is a trart- 
sient conversion of dirners into monomers. 
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Direct evidence for dimer-monomer conversion was 
obtained by measuring transient chnges in absorption 
associated with production of action potentials (fig. 3). 
The absorption spectrum of M-540 in a crab nerve 
(see the broken line in the figure) was found to show 
two bands, one corresponding to the monomer band 
and the other to the dimer band. Furthermore, it was 
found that production of an action potential was ac- 
companied by an increase in absorption in the region 

of wavelength corresponding to the monomer band 
(see the solid line in the figure). Simultaneously, there 
was a decrease in the region of the dimer absorption 
band. The neutral point at which no change in absorp- 
tion was observed was close to 560 nm. In determin- 
ing this change in the absorption spectrum (see section 
2). 580 nm was selected as the reference wavelength. 
At this wavelength, the observed reduction in the 
light intensity during action potentials was of the or- 
der of 10m4 times the background light intensity_ This 
ratio of the change to the background intensity is ex- 
pected to vary with the amount of the dye in the 
nerve. Furthermore, it is possible that this spectrum is 
distorted by a change in tight scattering during nerve 
excitation [21,22]_ Nevertheless because the sign of 
the responses produced by a light scattering change is 
not influenced by a change in the wavelength, it was 
conchrded that fluorescence responses in nerve stained 
with M-540 are produced by conversion of dimers of 
the probe into monomers. A similar conclusion was 
reached by Ross et al. [23] using a different merocya- 
nine as a probe. 

3.3 Estimation of the reference &stance for energy 
transfer from p-C7-ANS to M-540 

According to Fiirsteis theory of resonance energy 

transfer [S-7,24], the efficiency of transfer is given 
by 

(R&G6 

‘= 1 f (Ro/R)6’ 

where R is the distance between the donor and accep- 
tor molecules and Ro is the reference distance. R,-, is 
determined by the overlap integral, the geometric fac- 
tor, the quantum yield of the donor molecules and- 
the refractive index. 

The corrected emission spectrum@) of pCl-ANS 

on the external surface of a crab nerve shown in fig. lb 
can be used io calculate the overlap integral. The wave- 
length dependence of the overlap,f(X)&+,4, was cal- 
culated from the absorbance of &l-540 in ethanol, e(X). 
The integral of this overlap yielded 

J = 6.5 X IO-r4 (Ll-*cm3}. 

By using this value ofJ, R, was found to be 53 A 
when the geometric factor is assumed to be 2, the re- 
fractive index to be 1 S and the quantum yield to be 

OS. [Note that the transition moments of the major 
portion of the donor and acceptor molecules are nor- 
mal to the membrane surface_] There is some uncer- 
tainty in the estimation of RO, because the values of 
the geometric factor and the refractive index cannot 
be directly measured. 

3.4. Energy tramfer j..om p-CZ-ArVS to fit-540 

After this rough estimation of R,, it seemed highly 
desirable to show that energy transfer of the non-trivi- 
al type (see ref. [24]) can actually take place between 
p-Cl-ANS and M-540 in vitro. It is known that lysoleci- 
thin dissolved in water form micelles consisting of 

about 300 single molecules (see ref. [25]). The diam- 
eter of such micelles is considered to be about 70 A 
which is not much larger than the vahre of R, estimat- 
ed above. If both p-Cl-ANS and M-540 molecules could 
be incorporated into one and the same micelIe, the 
separation between the two molecules would be com- 
parable to R,. Addition of lysolecithin to an aqueous 
solution of M-540 (without mixing with p-Cl-A%) in- 
creases the fluorescence of M-540 molecules excited at 
the peak of their monomer absorption band. The exci- 

tation spectrum of M-540 incorporated in lysolecithin 
has a maximum of 563 nm. htcorporated into lysoleci- 
thin micelles, p-Cl-ANS (without M-540) emits strong 
fluorescent light with a wavelength of maximum emis- 
sion at about 428 nm. 

To demonstrate energy transfer between these dyes 
incorporated in lysolecithin micelles, a series of test 
tubes were prepared containing constant amounts of 
@I-ANS (8 PM) and of M-540 (2 p&l)_ The concen- 
tration of lysolecithin added was varied logarithmical- 
ly from 3 PM up to 6.2 mhi. The excitation spectrum 
of the mixture was determined with a Perkin-Elmer 
spectrofluorometer by reading the emission of M-540 
in the range of wavelength longer than 600 nm. in this 
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Fig. 4. A: demonstration of resonance transfer of electronic energy from p+YI-ANS to M-540 incorporated in lysokcithin micelIes 
(see test). Three examples of the fluorescence cxcitstion spectra from which the efficiency curve was constructed arc shown in the 
inset. 8: demonstration of energy transfer between pCI-ANS and M-540 inqoqorated in s crab nerve. The broken fine shows the 
excit;ttion spectrum observed before ifltr6ductio~ of the donar @Cl-ANS) into ile nerve. Note that there was a gradual increase 
in the intensity of the excitntion band at 330-360 nm ~5 the nerve @se-treated with M-540) was stained with pCI-ANS. The spec- 
tra in this figure are uncorrected. 

range afw~elength, p-CLANS mahes very little direct 
c.,ntributiorz to the excitation specirum. Therefore, an 
increase In the intensity of the excitation band in the 
330-360 nm region (which corresponds to an absorp- 
tion of maximum of p-Cl-ANS) can be taken as a meas- 
ure of energy transfer frdm p-CLANS to M-540. 

The direct contribution of M-540 to the excitation 
band in the 330-360 nm region was estimated by car- 
rylng out simifar measurements on a series of test tubes 
containing M-540 (2 FM) and lysolecithin (variable 
concentration) but without adding p-CLANS_ Similar- 
ly, the direct contribution of p-Cl-ANS was determin- 
ed by measuring the band intensity in the same region 
using a series of test tubes containing p-C%ANS (8 PM) 
and lysoiecithin (va~ab~~ concentration) but no M-540. 
Thzse contributions, which do not involve enerq trans- 
fer, were subtractea from the observed amplitude of 
the 330-360 nm excitation band. Possible effects of 
competition between two kinds of dye moIecuIes at 

the dye-binding sites were ignored. 
It is seen in fig. 4a that energy transfer does take 

place v;hen lysolecithin is added to the mixed solution 
of p-CLANS and M-540. The efficiency of energy trans- 

fer was found to increase with increasing fysoiecithin 
concentration. The efficiency reached a maximum at 
a definite concentration Ievel of lysolecit~~. The fall 
in the efficiency at high concentration in the figure is 
expected from the following consideration. Energy 
transfer takes place only when both donor and accep- 
tor molecules occupy the same micelles. At very high 
concentrations of lysolecithin, the number of micefles 
is so great that the probability of finding micefies con- 
taining both p-Cl-A% and bf-540 decreases; this ex- 
plains the existence of a maximum in the efficiency. 
When the micelle concentration is very Iow, dye moIe- 
cules tend to remain free in the aqueous phase; hence, 
the efficiency of transfer is low_ No sign of energy 
transfer was observed in an aqueous or ethanol soiu- 
tion containing both p-U-AR3 and M-540 at a level of 
approximately 10 p&i. 

We made an unsuccessful attempt to describe the 
curve shown in fig. 4a quantitatively by using the mass- 

action law applied to the process of binding of two 
kinds of dye motecutef to fysolecithin micelles. The 
difficulty of such an attempt is expected since it is 
known that partition of cyanine dyes between water 
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and oil cannot be described on the basis of the mass- 
action law (see ref. 1191). A complex interaction be- 
tween lysolecithin micelles and M-540 molecules ap- 
pears to lead to a sharp fall in the efficiency of energy 
transfer at the tower side of the lysokcithin concentra- 
tion. 

In a suspension of lysolecithin micelles to which 
both pCI-ANS and M-540 are added. the dye mo!e- 
cules exist in the aqueous phase as well as in micelles. 
Undzr these conditions, evaluation of the efficiency of 
energy transfer is not very simple. [This is the reason 
why only a relative scale is used in fig. 4~1.1 Measure- 
ments of the fluorescence of the mixture suaest that, 
at 0.8 mM in lysolecithin concentration, the major 
portion of the dye molecules is incorporated into mi- 
c&es. Then, the following formula (see eq. (6 1 b) in 
ref. [7]) can be used to estimate the efficiency. 

T= OD of M-540 at 563nm 
OD of p-CI-ANS at 530 nm 

x emission of M-540 excited at 330 nm 
emission of M-540 excited at 563 nm- 

Tie OD (optical density) ratio in this equation was 
found to be apptoximately 2.1_ The ratio of the M- 
540 emission increment (excited at 330 nm in the pres- 
ence of p-Cl-ANS) to the M-540 emission intensity 
(excited at 563 nm in the presence of p-Cl-ANS) was 
estimated to be roughly 0.17. Thus, the efficiency at 
this lysolecithin concentration is estimated to be 
roughly 0.36. Quahtatively, an efficiency of this order 
of magnitude is expected from the diameter of the mi- 
celles. 

The process of energy transfer between pCl-ANS 
and M-540 in the newe membrane was examined us- 
ing a commercially availabte spectrofluorometer with 
a nerve introduced into a standard cuvette. A nerve 
was fastened, after staining with a dye, to a small 
frame made of black Lucite in such a way that replen- 
ishment of the sea water in the cuvette did not pro- 
duce any significant change in the intensity of the flu- 
orescent light from the nerve. Initially, the nerve was 
stained with M-540 by immersion in artificial sea wa- 
ter saturated with the fluorochrome for a period of 
60 to 90 min. Subsequentiy, the nerve was rinsed tho- 
roughly with dye-free sea water and the fluorescence 
excitation spectrum of the nerve was examined. fun- 
der these conditions, the intensity of the fluorescence 

of the nerve remained roughly constant even when 
the saline solution in the cuvette was repeatedly re- 
plenished.] The excitation spectrum of the nerve was 
examined by reading the emission in the range of wave- 
length between 600 and 640 nm. Then, the nerve was 
transferred into sea water containing p-Cl-ANS (10 PM). 
After a period of about 6 min, the excitation spectrum 
was recorded from the nerve in dye-free sea water. By 
repeating this procedure, the effect of a gradual in- 
crease in the amount of pCl-ANS incorporated into 
the nerve on the excitation spectrum was investigated. 
In most axons examined, incorporation of p-Ci-ANS 
brought about a slight reduction in the fluorescence of 
M-540 excited at 570 nm. [This reduction is probably 
attributable to competition of these two dye mole- 
cules in the nerve membrane.] 

Incorporation of p-Cl-ANS in 3 crab nerve pre-stain- 
ed with M-540 brought about a definite increase of the 
excitation band in the 330-360 nm range (fig. 4b). In 
principle, this excitation band consists of(i) the con- 
tribution of M-540 molecules absorbing light in the 
range of 330-360 nm, (ii) the contribution of p-Cl- 
ANS fluorescence extending toward the M-540 emis- 
sion band, and (iii) the contribution from the ener,T 
absorbed by p-Cl-ANS and transferred to M-540 mole- 
cules. Obviously, staining with p-Cl-ANS does not in- 
crease the magnitude of contribution (i). The fluores- 
cence of p-Cl-ANS bound to the nerve makes little or 
no contribution to the range of wavelength over 620 
nm; hence, contribution (ii) is negligible. Thus, the ob- 
served increase in the amplitude of the excitation band 
at 330 nm must derive from (iii), namely, from the 
process of non-radiative transfer of electronic energy 
between p-Cl-ANS and M-540. The increase in the am- 
plitude of the excitation band at 330 nm was, in most 
of the crab nerves examined, in the range between 2 
and 3-fold (see fig. 4b). 

It is important to note that the excitability of the 
nerve under study was maintained during the entire 
course of these experiments. Since dye-stained nerves 
are known to lose their excitatbility when exposed to 
intense light in the presence of oxygen (see e.g., refs. 
[26,27]), a precaution was taken to stain the nerve and 
to test its excitability in complete or partial darkness. 
When excitability of the nerve was suppressed by ex- 
posure to strong light in the presence of O,, there was 
a rapid increase in the excitation band at 330 nm. 



Fig. 5. Fluorescence responses recorded from a crab nerve (pre-treated with M-540) during the course of staining with p-Cl-ANS. 
The central wavelengths of the interference falters inserted between the light source and the nerve are indicated. Ihe amplitude of 
the large s&d in the fust record was 9.4 X 10 4 thtes the background light intensity. The corresponding value for the lut record 
was 6.1 X 104. Ihe three records obtained at 365 nm were takea at the ume detector sensiti*ity. 

3.5. Fluorescence responses me&&xi by energy 
fransfer 

In the presence of both pCl-ANS and Xf-540 in the 
nerve membrane, exciting light in the range of wave- 
length between 330 and 360 nm is absorbed mainly 
by pCI-ANS (see fig. 4b). If the Ii&t energy absorbed 
by p-CLANS is transferred ro M-540 under these con- 
ditions, it should be possibte to record changes in the 
intensity of the fluorescent light emitted by these 
M-540 during an action potential. fn fact, when a dou- 
bly stained crab nerve was electrically stimuIated, a 
response representing a transient rise in M-540 emis- 
sion was observed. Since, however, M-540 has a weak, 
but finite absorbance at about 330 ram, it was neces- 
sary to show that the observed sigdaI did not derive 
directly from the light energy absorbed by M-540. 

When a crab nerve pre-stained with M-540 is im- 
mersed in sea water containing p-Cl-ANS, there is a 
gradual increase in the 330-360 nm excitation band 
observed by reading emission In the range of wave- 
length between 600 and 640 nm (see fig. 4b). During 
the course of this gradual increase, the amplitude of 
the response mediated by energy transfer is expected 
to increase; but no increase is expected in the ampli- 
tude of the response resulting from direct light absorp- 
tion by M-540. [Note that the number of p-CI-ANS 

molecules does increase and the number of IV-540 
molecules does not increase in the nerve membrane 
during this period.) Thus. two possible modes of sig- 
nal production, one direct and the other mediated by 
energy transfer, can be distinguished from each other 
by measuring the response amplitudes during this peri- 
od of increasing incorporation of pCl-ANS. 

The results of actual measurement indicated that 
there was a gradual increase in the response amphtude 
(fig. 5). The sensitivity of the recording system was 
such that practically no response was recorded from 
the nerve (pm-stained with M-540) before addition of 
p4XANS (see the second record in the figure). [Note 
that the wavelength of exciting light was 365 nm and 
emission of fluorescence was detected at the extreme 
red-end of the M-540 emission spectrum.] Then, the 
nerve was immersed in artificial sea water containing 
pCl-ANS. During the foIlowing period, there was a 
gradual increase in the intensity of the fluorescence of 
the nerve at rest. Electric stimulation of the nerve dur- 
ing this period was found to produce distinct fluores- 
cence responses detected at about 620 run, Further- 
more, the response amplitude was found to increase 
roughly in proportion to the intensity of the back- 
ground ffuorescent right (see the third and four& ret- 
ords), the ratio OF the response amplitude to the back- 
ground right intensity remaining at an approximately 
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ctNxitant level. Based on the resufts of these experi- 
ments, it was concIuded that the electronic energy 
transferred from p-Cl-ANS to M-540 does contribute 
to production of fluorescence responses. 

Tt is also important to note that the fluorescence 
response produced by a nerve stained externally with 
p-C%Af‘-lS done are negative (representing a transient 
decrease in light intensity). The finding that p-CLANS 
applied externally after pre-staining with M-540 brings 
about positive responses (fig. 5) can not be explained 
on the assu~ptioR that these responses are produced 
by p-CLANS alone. 

In a series of experiments using squid giant axons, 
we made an attempt to demonstrate fluorescence res- 
ponses produced by enera transfer between p-CI-ANS 
and M-540. We also examined energy transfer between 
p-Er-ANS and M-540 and other pairs OF membrane 
probes. The preliminary account of these experiments 
may be found elsewhere 1111. 

4. Discussion 

The ultimate goal of the present investigation is to 
elucidate, by the use of ~uor~sc~nt probe molecules, 
the physicochemical properties of the membrane ma- 
cromoIecuIes in the testing as well as in the active 
state of the nerve. The probe molecules are thought 
to inform us to the physicochemical state of the ma- 
cromolecules to which these probes are bound. How- 
ever, the information acquired by the use of fluores- 
cent probes is of a somewhat indirect nature (see e.g., 
ref_ [ZS]). 

It is obvious that a detailed knowledge as to the be- 
havior of probe molecules in well-defined media is es- 

sential to decipher the information given to us by the 
membrane probes_ This is the reason why a great por- 
tion of our effort was put forth to analyze physico- 
chemical properties of the probe mdecutes in water 
and various organic solvents. At the dye-binding sites 
in the nerve, the factors like refractive index, dielec- 
tric constant, rigidity (or fluidity), accessibility of 
water, presence or absence of quenchers in the vicinity, 
etc. are expected to determine the properties of the 
fluorescent iight emitted. The effects of these factors 
may be analyzed far more easily and directly in vitro 
than in isolated nerve fibers. The fluorescence proper- 
ties of the dye mokecukes bound to vafiaus macromole- 

cules (lyrolecithin micelles and proteins) in warer were 
also examined and ~o~~ar~d with their behavior in or- 
ganic solvents, In these experiments, it is possible to 
express the microenvironment around the dye-binding 
sites in macromolecules in terms of the polarity of the 
solvent which gives rise to very similar excitation and 
emission spectra. Various se&es of soIvent polarity are 
proposed by Mataga et z:. [291, Lippert [SO]. Kosower 
(3 11, Reichart and Dimroth [32]. Although the ques. 
tion may be raised as to the legitimacy of including 
such factors as the depth of penetration of a dye mole- 
cule into the membrane, the effects of viscosity or 
temperature changes, etc. in a one-dimensional solvent 
--polarity scale. it seems to us this appraach is the only 
practical means of characterizing the properties of the 
dye-binding sites in the nerve membrane. As has been 
pointed out in section 3, the fluorescent properties of 
the probes used irr the Fresent study vary monotonical- 
ly with the polarity scale in organic solvents. 

The spectrum of the fluorescent light (I) from p-Cl- 
ANS in a crab nerve is very similar to that of the dye 
dissolved in ethylene glycol (dielectric constant D = 37 
and refractive index rz = I-33). Both the wavelength of 
maximum emission and half-bandwidth of this spec- 
trum is intermediate between those observed in metha- 
nol (0 = 33, II = t -330) and in formamide (D = 108, 
II = 1 A47). [According to hlatapa and Lippert, the 
solvent polarity increases monotonically with the differ- 
ence (&-12+f This hi@ v&X of the (effective) SdVent 

polarity of the p-Ct-ANS binding sites may be taken 
as indicating that the probe molecules are only partial- 
Iy buried in the membrane. 

The fluorescence response produced by externally 
applied p-Cl-ANS represents a transient reduction in 
the intensity of fluorescence from dye molecules with 
their transition moment roughly normal to the mem- 
brane surface. The electrolyte-dilution experiment re- 
ported previously [33f has indicated that at the exter- 
nal surface of the nerve membrane there is 3 layer 
with negative fixed charges which prevents permeation 
of negatively charged probes. These dye molecules 
may therefore be visualized as being bound to the 
Stem layer 1341 of the membrane with the sulfonate- 
group directed toward the queous phase. At the peak 
of an action potential, the properties of the external 
surface layer of the membrane is expected to change. 
The observed spectrum. Al, cautd be explained by as- 
suming a change in the polarity of the environment of 
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the dye molecufes from the value for ethylene glycol 
to that for ethanol. 

In the case of M-540, there is good reason to postu- 
late that both monomers and dimers of the dye mole- 
cules exist in the membrane at rest. When an action 
potential is produced, the environment of the dye mol- 
ecule changes in such a manner that a portion of di- 
mers are converted into monomers (see fig. 3). It was 
possible to demonstrate such dimer-to-monomer con- 
version in vitro (see fig. 2~). This process of dimer-to- 

monome~conversion does not necessarily indicate that 
there is a gross displacement of the dye molecules in 
the nerve membrane during action potentials. The 
dimer band in the absorption spectra shown in figs. 2 
and 3 may be regarded as arising From a parallel ar- 
rangement of the n-electron systems of the two dye 
molecules (see p. 250 in ref. [35 1). If the separation 
between the two dye molecules of a dimer is of the or- 
der of 4 Is. (see p_ 3 16 in ref. [ 191). a displacement of 
this separation aFgears to be sufficient to bring about 
the observed change in the absorption spectrum. 

The excitation spectrum of M-540 in the external 
layer of a crab nerve (AI and I in fig. 3b) indicates 
that the wavelength of maximum absorption is at about 
570 nm. This finding seems to suggest that the binding 
sites of M-540 are of an extremely low polarity_ It is 

to be noted that such a medium with a low solvent po- 
larity is favorable for formation of M-540 dimers. 

The rerationship between a change in the membrane 
potential and the fluorescence responses is not welf 
understood at present- It is important to note that a 
change in the membrane potential is a macroscopic 
(Le., averaged) quantity; in contrast, fluorescent mem- 
brane p-obes yield information about their environ- 
ment of a molecular dimension. In the molecular di- 
mension, the nerve membrane is heterogeneous. There- 
fore we do not anticipate finding a simple and precise 
relationship between the membrane potential and the 
optical responses. We have seen that the fltiorescerze 
responses produced by high-frequency stimulation of 
a crab nerve stained with M-540 “summate”. This situ- 
ation is analogous to that encountered by Watanabe 
and Terakawa [37,X31. These investigators found sum- 
mation 0; birefringence signals in response to repetitive 
stimulation and concluded that there is no simple rela- 
tionship between the membrane potential and the op- 
tical responses. 

Demonstration or’ energy transfer between two 

kinds of fluorescent membrane probes in the external 
layer of a crab nerve is probably not very surprising. It 
indicates that the low-polarity binding sites for M-540 
are surrounded by binding sites of pCI-ANS. hfost of 
thesb pCi-ANS molecules are probably bound to sites 
which are not involved in production of fluorescence 
responses, because the sign of the responses mediated 
by energy transfer is dominated by M-540. There are 
more non-responsive sites in the membrane than res- 

ponsive sites [ 151. 
It seems to us that the demonstration of energy 

transfer in the nerve membrane has opened up a new 
approach toward anaIyzing physicochemical proper- 
ties of excitable membranes, Furthermore, the present 
investigation has shown that measurements of light ab- 
sorption during action potentials can yieId significant 
information as to the active state of the nerve mem- 
brane_ Further studies are required to find how much 
information can be acquired by these new approaches. 
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